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FOREWORD 

Contract NAS 7-473, SA-1, "System Analysis of Gelled Space-Storable 

Propel lants ,"  i s  being performed by t h e  Aerojet-General Corporation a t  
Sacramento, Cal i forn ia .  This summary r epor t  descr ibes  t h e  accomplishments f o r  

t h e  second year of t h e  con t r ac t ,  from May 1967 through Apr i l1968 .  

The second yea r ' s  e f f o r t  w a s  performed by t h e  Research and Technology 

Department, D r .  P. L. Nichols, Jr., Manager. The Aerojet  Program Manager 

and P ro jec t  Engineer w a s  Mr. R. H. Globus. The oxygen d i f l u o r i d e  g e l  formulation 

and t e s t i n g  s t u d i e s  were performed under t h e  d i r e c t i o n  of M r .  Globus with t h e  

assistance of Messers P. Q. Beadle, R. L. Beegle and J. A. Cabeal. 

D r .  J. M. Adams desigiled t h e  l i g h t  ex t inc t ion  equipment required f o r  measuring 

t h e  p a r t i c l e  s i z e  of ch lo r ine  t r i f l u o r i d e  p a r t i c l e s  and reduced t h e  da t a  

obtained. Mr. W. V. Timlin performed t h e  a n a l y t i c a l  study on t h e  e f f e c t  of 

ge l a t ion  on t h e  in-space s t o r a b i l i t y  of cryogenic propel lan ts .  M r .  J. J. Bost 

a s s i s t e d  i n  t h e  design of t h e  flow viscometer f o r  measuring t h e  flow proper t ies  

of ge l led  oxygen d i f luo r ide .  D r .  S. D. Rosenberg and D r .  E. M. Vander Wall 

ac ted  as consul tan ts  during t h i s  program. 

The NASA Pro jec t  Manager f o r  Contract NAS 7-473, SA-1, i s  

Mr. J. Suddreth, NASA Headquarters, OART; t h e  NASA Technical Manager i s  

Mr. D. L. Young of t h e  Jet Propulsion Laboratory. 
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ABSTRACT 

A rap id  condensation method f o r  t h e  preparat ion of f i n e  p a r t i c l e s  of 

ch lo r ine  t r i f l u o r i d e  w a s  developed. 

l i q u i d  ni t rogen and l i q u i d  oxygen d i f luo r ide .  

These f i n e  p a r t i c l e s  were used t o  g e l  

Ten pounds of l i q u i d  oxygen d i f l u o r i d e  g e l l e d  wi th  s o l i d  ch lo r ine  

t r i f l u o r i d e  w a s  prepared. 

g e l s  were measured. 

increasing shear rate. 

C1F3 g e l s  appear t o  be chemically and mechanically s t a b l e .  

The s t r u c t u r e  index and flow proper t ies  of t hese  

These g e l s  exhibi ted extensive shear  thinning with 

Within t h e  l i m i t s  of t h e  tests performed, t he  OF2/ 

It w a s  found t h a t  l i q u i d  ni t rogen ge l l ed  with s o l i d  ch lo r ine  t r i f l u o r i d e  

possesses s ta t ic  and dynamic flow proper t ies  which c lose ly  approximate those 

of t h e  OF2/C1F3 ge ls .  

f o r  OF2/C1F3 ge l s .  

Thus, N2/C1F3 g e l s  may be used as s u i t a b l e  simulants 
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SECTION I 

INTRODUCTION 

1. OBJECTIVE 

The ob jec t ive  of t h i s  study was  t o  g e l  oxygen d i f l u o r i d e  (OF2) using 

f i n e  p a r t i c l e s  of a f u l l y  f luo r ina t ed  oxid izer  such as ch lo r ine  t r i f l u o r i d e  

(ClF3) o r  ch lo r ine  pentaf luor ide  (C1F ). After  t h e  accomplishment of t h i s  5 
primary ob jec t ive ,  t h e  secondary objec t ives  were t o  develop t h e  techniques 

required f o r  t h e  measurement of t h e  S t ruc tu re  and t h e  flow proper t ies  of 

cryogenic ge l s ,  and t o  measure these  proper t ies  of ge l l ed  OF 2' 

2. ADVANTAGES OF GELATION 

Gelled propel lan ts  o f f e r  t h e  following improvements i n  rocke t  system 

performance: 

sloshing. 

l an t  systems are being considered f o r  deep space missions.  

of ge l l ed  propel lan ts  are: 
ment i n  restart c a p a b i l i t y  i f  a n  i n e r t ,  high-melting p a r t i c u l a t e  material i s  
used as t h e  g e l l i n g  agent.  

performance l o s s e s  can be reduced t o  a poin t  t h a t  they are no longer 

s i g n i f i c a n t  and impairment of restart c a p a b i l i t y  can be  eliminated. 

(1) p o s i t i o n a l  s t a b i l i t y  i n  a zero-g environment, and (2) reduced 

The f i r s t  two advantages are of considerable  importance when propel- 

The disadvantages 

(1) a reduct ion i n  performance; and (2) an  impair- 

However, by t h e  proper s e l e c t i o n  of g e l l i n g  agents ,  

a. Pos i t i ona l  S t a b i l i t y  and Reduced Sloshing 

The s t r u c t u r e  a g e l  possesses when a t  rest g ives  t h e  material 

t h e  proper t ies  of a coherent semi-solid. 

i s  appl ied ,  t h e  material w i l l  remain i n  i t s  o r i g i n a l  pos i t ion .  

of pos i t i ona l  s t a b i l i t y  which is imparted t o  a l i q u i d  by g e l a t i o n  o f f e r s  

Consequently, u n t i l  a shear fo rce  

This property 

Page 1 
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I, 2, Advantages of Gelat ion (cont.) 

a n  important advantage t o  l i q u i d  propel lan ts  being considered f o r  deep-space 

appl ica t ions .  It el iminates  t h e  need f o r  a p o s i t i v e  expulsion device,  

with i t s  complexity and, i n  t h e  case of fluorine-containing ox id ize r s ,  s e r ious  

material problems, t o  ensure t h a t  t h e  propel lan t  w i l l  be  de l ivered  t o  t h e  

engine . 
The reduct ion of s loshing caused by g e l l i n g  a propel lan t  w a s  

demonstrated by Aerojet  under Contract NAS 7-473 (Reference 1 ) .  

experimentally demonstrated t h a t :  (1) t h e  resonant  frequency f o r  g e l s  

occurred a t  higher va lues  than f o r  ungelled l i qu id ;  and (2) t h e  motion 

decayed i n  two cyc les  or  less i n  ge l l ed  systems compared t o  30 t o  40 cycles  

f o r  ungelled l i qu ids .  

It w a s  

b. P a r t i c u l a t e  Gelants 

The r e a c t i v i t y  of OF2 p roh ib i t s  t h e  use of organic g e l l i n g  

agents.  Consequently, p a r t i c u l a t e  g e l l i n g  agents  prepared from materials 

t h a t  are not r e a c t i v e  i n  OF 

f o r  use with OF2. 

of t h e  p a r t i c l e .  

s m a l l  enough s o  t h a t  t h e r e  is a n  a t t r a c t i o n  between t h e  ind iv idua l  p a r t i c l e s .  

Apparently, any p a r t i c l e ,  i f  it is  s m a l l  enough, possesses t h i s  attractive 

fo rce  which causes t h e  p a r t i c l e s  t o  form interconnect ing chains  o r  networks 

t h a t  form micelles which t r a p  t h e  l i qu id .  

The property t h a t  makes t h i s  type of g e l l i n g  agent  uniquely d i s t i n c t i v e  is t h e  

f a c t  t h a t  g e l  formation is  independent of t h e  chemical p rope r t i e s  of t h e  

l iqu id .  I n  o ther  words, i f  t h e  p a r t i c l e s  are small enough so  t h a t  t hese  chains  

o r  networks form, t h e  p a r t i c l e s  w i l l  g e l  any l i q u i d  i n  which they are inso luble  

and nonreactive.  Consequently t h e  c e n t r a l  problem of t h i s  program w a s  t h e  

development of a technique t o  prepare f i n e  p a r t i c l e s ,  which would g e l  l i q u i d s ,  

from t h e  group of materials se l ec t ed  as p o t e n t i a l  g e l l i n g  agents.  

are t h e  only type of agent t h a t  can be considered 2 
A p a r t i c l e  g e l s  a l i q u i d  because of t h e  su r face  proper t ies  

The a b i l i t y  t o  g e l  a l i q u i d  arises when t h e  p a r t i c l e s  are 

A ge l - l i ke  material is  t h e  r e s u l t .  

Page 2 
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I, 2, Advantages of Gelat ion (cont.) 

Two classes of materials are nonreact ive i n  OF2 and could 

serve as g e l l i n g  agents ;  i.e., t h e  inorganic  f luo r ides  and t h e  f luo r ina t ed  

interhalogens.  

are: (1) they possess no propel lan t  va lue  and consequently s i g n i f i c a n t l y  

degrade propel lan t  performance; and (2) they are i n  many cases nonvo la t i l e  and 

would remain as a re s idue  a f t e r  propel lan t  evaporation from t h e  propel lan t  

l i n e s  and i n j e c t o r  manifold during coas t  sequences. 

t o  impair restart capab i l i t y .  

The disadvanfages incurred by t h e  use  of inorganic  f l u o r i d e s  

These res idues  are expected 

The f luo r ina t ed  interhalogens do not  possess these  advantages. 

Being exce l l en t  ox id izers  i n  t h e i r  own r i g h t ,  performance lwses caused by 

g e l a t i o n  can be reduced t o  a point  t h a t  they are not  longer s ign i f i can t .  

Theore t ica l  performance ca l cu la t ions  w e r e  made t o  confirm t h i s  point .  

s p e c i f i c  impulse versus  mixture r a t i o  of OF 

OF2 + 0.1 C1F3 has been ca lcu la ted  using diborane and methane as t h e  f u e l s .  

The r e s u l t s  of t h e  ca l cu la t ions  are presented i n  Figures  1 and 2. 

ca lcu la t ions  i n d i c a t e  t h a t  t h e  t h e o r e t i c a l  performance degradat ion is 4 sec 
i f  C1F5 is t h e  g e l l i n g  agent and 6 sec i f  C1F3 is t h e  g e l l i n g  agent  and diborane 

is t h e  f u e l .  

is 3 sec when C1F5 is t h e  g e l l i n g  agent o r  5 sec when ClF3 is t h e  g e l l i n g  

agent. A s  t h e  g e l l i n g  agent concentrat ion decreases ,  t h i s  d i f f e rence  

become less. 

The 

0.9 OF2 + 0.1 C1F5 and 0.9 2' 

The 

I n  t h e  case of methane, t h e  t h e o r e t i c a l  performance degradation 

The f luo r ina t ed  interhalogens possess high vapor pressures  a t  

ambient temperature (25OC). Consequently, a f t e r  shutdown, they w i l l  r ap id ly  

v o l a t i l i z e  along wi th  t h e  oxygen d i f l u o r i d e  remaining i n  t h e  propel lan t  l i n e s  

and oxid izer  manifold and w i l l  not impair restart capab i l i t y ,  

Page 3 
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SECTION I1 

The technica l  e f f o r t  on t h i s  program w a s  divided i n t o  fou r  tasks.  

work performed and the  r e s u l t s  and t h e i r  s ign i f i cance  are summarized below, as 
are recommendations f o r  fu tu re  work. 

The 

Liquid oxygen d i f l u o r i d e  w a s  ge l led  with f i n e  p a r t i c l e s  of s o l i d  

Three batches of ge l led  oxid izer ,  t o t a l i n g  10 l b ,  were chlor ine  t r i f l w r i d e ,  

p repared. 

The s t r u c t u r e  index of ge l l ed  oxygen d i f luo r ide  was measured a t  several 

ge lan t  concentrations.  

concentration of  5.5 w t %  and a s t r u c t u r e  index of 1400 dynes/cm , Experience 

wi th  o the r  ge l led  materials ind ica t e s  t h a t  ge ls  wi th  t h i s  degree of s t r u c t u r e  

are s t a b l e .  

of s t r u c t u r e  of O F ~ ( ~ ) / C ~ F ~ ( ~ )  ge ls  changed rap id ly  with changing ge lan t  

concentration. 

An exce l l en t  g e l  w a s  obtained a t  a ch lor ine  t r i f l u o r i d e  
2 

As is  t y p i c a l  of p a r t i c u l a t e  ge l s ,  i t  w a s  found t h a t  t he  degree 

The f l a w  proper t ies  of ge l l ed  oxygen d i f l u o r i d e  were measured i n  a 
novel flow viscometer. 

concentration exhib i ted  an apparent v i scos i ty  ranging from 0.09 t o  13.9 

poise as the  pressure  drop ranged from 4.53 t o  1.67 ps ig ,  respec t ive ly .  

rap id  decrease i n  apparent v i s c o s i t y  with increas ing  shea r  rate ind ica t e s  

t h a t  under flow condi t ions the  propel lan t  proper t ies  w i l l  be e s s e n t i a l l y  

the same as the neat l i q u i d .  

transfer the  ge l led  propel lan t  i n  conventionally designed pumps and l ines.  

A g e l  containing 5.0 w t X  ch lor ine  t r i f l u o r i d e  

The 

This means t h a t  i t  w i l l  be  poss ib le  t o  

The f i n e  ch lor ine  t r i f l u o r i d e  p a r t i c l e s  were prepared by d i l u t i n g  the  

ox id ize r  vapor with helium and rap id ly  i n j e c t i n g  t h e  gaseous mixture through 

a small o r i f i c e  posi t ioned beneath the  su r face  of l i q u i d  ni t rogen.  

d i f luo r ide  ge l s  were prepared by removing t h e  l i q u i d  n i t rogen  by evaporation 

and adding l i q u i d  oxygen d i f luo r lde  t o  t h e  f ine  ch lor ine  t r i f l u o r i d e  p a r t i c l e s .  

Oxygen 
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11, Summary (cont.)  

Liquid n i t rogen  w a s  ge l led  with f i n e  p a r t i c l e s  of ch lor ine  t r i f  luor ide .  
The s t r u c t u r e  index of ge l led  n i t rogen  w a s  measured; t he  rate of change of 

the  s t r u c t u r e  index of  ge l led  ni t rogen w a s  s i m i l a r  t o  t h a t  of ge l l ed  oxygen 

d i f luo r ide  a t  comparable ge lan t  concentrations.  The flow proper t ies  of ge l l ed  

ni t rogen were measured; the rate of change i n  apparent v i scos i ty  with changing 

shear  rate w a s  similar t o  t h a t  of ge l led  oxygen d i f luo r ide  a t  comparable ge lan t  

concentrations.  

A measurement of the  p a r t i c l e  s i z e  of the s o l i d  ch lor ine  t r i f l u o r i d e  

using a s p e c t r a l  technique ind ica ted  t h a t ,  over the  range of experimental 
parameters inves t iga ted ,  no measurable change i n  particle s i z e  d i s t r i b u t i o n  

occurred during o r  a f t e r  the  preparat ion of  s o l i d  ch lor ine  t r i f l u o r i d e  i n  
l i q u i d  ni t rogen.  The sum t o t a l  of these r e s u l t s  i nd ica t e  t h a t  l i q u i d  ni t rogen 

ge l led  with 5 i ne  chlor ine t r i f  l uo r ide  p a r t i c l e s  provides an exce l l en t  s imulan t 

f o r  l i q u i d  oxygen d i f  luor ide  ge l led  s imi l a r ly  

The attempt t o  develop similar cryogenic ge l s  by the  s u b s t i t u t i o n  of 

chlor ine pentaf luor ide  f o r  chlor ine t r i f  l uo r ide  did not  succeed. 

l i k e l y  cause of f a i l u r e  is the suspected s o l u b i l i t y  of s o l i d  ch lor ine  

pentaf luoride i n  l i q u i d  ni t rogen.  

The m s  t 

Based on the r e s u l t s  obtained on t h i s  program, i t  is  recommended 

(1) t he  proper t ies  of ge l led  oxygen d i f luo r ide  be determined i n  t h a t :  

d e t a i l ;  (2)  the  ge l a t ion  of diborane, using the techniques developed on 

t h i s  program, be undertaken; and (3) a companion program f o r  t h e  ge la t ion  

of n 0 X  and methane be  i n i t i a t e d  and the  r e s u l t i n g  ge ls  character ized i n  

de tai l .  
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SECTION I11 

TECHNICAL DISCUSSION 

This s tudy w a s  a cont inuat ion of Contract NAS 7-473, System Analysis of 

Task I--Preliminary Space-Storable Propel lan ts ,  which cons is ted  of f i v e  tasks :  

Inves t iga t ions ;  Task 11--preliminary Analysis;  Task 111--Component Design 

Analysis; Task IV--System Design Analysis;  and Task V--Documentation. This 

cont inuat ion w a s  divided i n t o  four  t echn ica l  tasks :  Task VI--Comprehensive 

Review; Task VII--Development of Techniques t o  G e l  Oxygen Dif luor ide  and t o  

Measure Engineering P rope r t i e s  of t h e  G e l ;  Task VIII--Gelation of Oxygen 

Dif luor ide  with Fluorinated Oxidizers;  and Task IX--Measurement of Engineering 

Proper t ies  of Gelled Oxygen Dif luoride.  The work performed and t h e  r e s u l t s  and 

t h e i r  s ign i f i cance  are discussed i n  t h i s  s ec t ion .  

1. TASK VI--COMPREHENSIVE REVIEW 

During t h e  o r i g i n a l  program, Aerojet-General conducted a l i t e r a t u r e  

search on ge l l ed  propel lan t  technology. Approximately 400 t echn ica l  r epor r s  

were surveyed t o  determine those  most app l i cab le  t o  t h e  areas of i n t e r e s t  on 

the  present  program. 

use fu l  t o  t h i s  program and were abs t rac ted .  The a b s t r a c t  w a s  presented i n  the  

f i r s t  qua r t e r ly  r e p o r t  prepared f o r  Contract NAS 7-473, SA-1, "System Analysis 

of Gelled Space-Storable Propel lan ts , "  Report 1038-01-Q1, 1 August 1966 (Kef. 1 ;  

Of these  r e p o r t s ,  more than half  were considered direct1.r  

This a b s t r a c t  w a s  reviewed t o  s e l e c t  those  r epor t s  pe r t inen t  t o  t h i s  

study. This  review considered t h e  following s p e c i f i c  areas: 

(1) 

(2) 

(3) 

P o t e n t i a l  g e l l i n g  agents  prepared by t h e  -- i n  s i t u  condensation 
of gases  o r  v o l a t i l e  l i q u i d s  i n  t h e  propel lan t .  

Handling procedures used with oxygen d i f l u o r i d e .  

Engineering measurements made o r  attempted on cryogenic 
g e l s  and o the r  s e l ec t ed  p a r t i c u l a t e  g e l s .  
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111, 1, Task VI--Comprehensive Review (cont.)  

I n  add i t ion ,  t h e  Aerojet-General t echn ica l  l i b r a r y  w a s  searched f o r  r e p o r t s  

dated a f t e r  May 1966 under t h e  following headings: 

propel lan ts ,  g e l l i n g  of cryogenic and s t o r a b l e  oxid izers ,  Technidyne, Thiokol 

Chemical Corporation, Reaction Motors Division, and NASA L e w i s  Research Center,  

Advanced Rocket Technology Branch. 

b e l e w .  

g e l l i n g  of cryogenic 

The r e s u l t s  of t h i s  review are presented 

a. Prepara t ion  of Gelling Agents 

The purpose of t h i s  research  is t o  develop t h e  techniques required 

t o  g e l  OF2 with t h e  f i n e  p a r t i c l e s  of f l uo r ina t ed  oxid izers .  

p a r t i c l e s  are t o  be  prepared by f reez ing  ox id ize r s  such as ch lo r ine  t r i f l u o r i d e  

o r  ch lor ine  pentaf luoride.  

t h a t  they b e  frozen -- i n  s i t u  i n  t h e  l i q u i d  OF2. 

review w a s  r e s t r i c t e d  t o  those  programs i n  which a t tempts  were made t o  prepare 

g e l l i n g  agents  by t h e  -- i n  s i t u  condensation of a gas o r  v o l a t i l e  l i q u i d ,  and t o  

the  techniques a v a i l a b l e  f o r  d i spers ing  o r  deagglomerating t h e  p a r t i c l e s  a f t e r  

they have been prepared . 

These f i n e  

The na tu re  of t h e  proposed g e l l i n g  agents  r equ i r e s  

Consequently, t h e  l i t e r a t u r e  

The f e a s i b i l i t y  of i n  s i t u  g e l a t i o n  of l i q u i d  hydrogen using f rozen  

p a r t i c l e s  of o ther  f u e l s  w a s  inves t iga ted  by Technidyne (Reference 2 ) .  The 

i n i t i a l  series of 

l i q u i d  hydrogen, 

N2 by bubbling i n  

of pentane formed 

experiments were conducted using l i q u i d  N as a simulant f o r  

I n  t h e  f i r s t  experiment, - n-pentane w a s  introduced i n t o  l i q u i d  

gaseous n i t rogen  sa tu ra t ed  with - n-pentane vapor. 

and showed a thickening e f f e c t ,  b u t  condensation i n  t h e  feed 

2 

F ine  c r y s t a l s  

tube caused clogging. The experiment w a s  repeated using propane. Apparently, 

it w a s  bel ieved t h a t  propane d id  not  s o l i d i f y ,  perhaps due t o  super-cooling. 

Nucleation sites f o r  t h e  c r y s t a l l i z a t i o n  of t h e  propane were provided by adding 

s m a l l  amounts of pyrogenic si l ica o r  ace ty l eneb lack  t o  t he  l i q u i d  N p r i o r  2 
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111, 1, Task VI--Comprehensive R e v i e w  (cont.) 

t o  introduct ion of t h e  propane. 

t h e  s i l ica ,  but  i n  t h e  experiment with ace ty l ene  black, a g e l  formed. 

were made t o  c r y s t a l l i z e  methane i n  l i q u i d  N2, b u t  i t  w a s  found t h a t  t h e  methane 

w a s  s o l u b l e  i n  t h e  l i q u i d  NZ. 
pared i n  l i q u i d  N 

less than 0.1~; however, no g e l  w a s  formed. 

The propane coagulated i n  t h e  experiment with 

Attempts 

Fine c r y s t a l s  o r  p a r t i c l e s  of ammonia were pre- 

P a r t i c l e  s i z e  appeared t o  b e  (no a c t u a l  measurement reported)  2'  

Attempts were made t o  g e l  l i q u i d  hydrogen wi th  methane (References 2 

and 3 ) .  

t h e  l i q u i d  hydrogen. 

I n  a second experiment, i t  appeared t h a t  submicron p a r t i c l e s  w e r e  obtained; 

however, no g e l  w a s  obtained. The type of experiment j u s t  described has 

r ecen t ly  been done a t  Los Alamos (ReSerence 4 ) .  

i n  l i q u i d  hydrogen were obtained. However, as t h e  suspension w a s  a g i t a t e d ,  t h e  

p a r t i c l e s  agglomerated and s e t t l e d .  

The methane w a s  d i l u t e d  with helium and introduced by bubbling i t  i n t o  

Unfortunately, condensation i n  t h e  tube formed a plug. 

Suspensions of f rozen methane 

Reaction Motors Division, Thiokol Chemical Corporation, attempted 

t o  g e l  OF with f i n e  p a r t i c l e s  of a r s e n i c  pen ta f lu r ide  (Reference 5). The 

a r s e n i c  pentaf luoride w a s  condensed from t h e  gas phase i n  l i q u i d  OF No g e l  

formed, probably because t h e  particles were too  l a rge .  

2 

2 '  

A l l  t h e  agencies c i t e d  above concluded t h a t  t h e  condensation of 

vapors t o  form f i n e  p a r t i c l e s  w a s  a promising approach to  t h e  preparat ion of 

p a r t i c u l a t e  g e l l i n g  agents.  However, i n  no case w a s  extensive experimental 

work conducted. The r e s u l t s  of t h i s  port ion of t h e  review i n d i c a t e  t h a t  t h e r e  

w a s  l i t t l e  p r i o r  ar t  regarding t h e  i n  s i t u  condensation of vapors as a tech- 

nique f o r  preparing micron-size p a r t i c l e s .  However, i t  is  apparent t h a t  t h e  

device used t o  i n j e c t  t h e  vapor t o  b e  condensed i n t o  t h e  cryogenic l i q u i d  must 

b e  heated i n  order t o  prevent clogging of t h e  gas  i n j e c t i o n  tube. 

-- 
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111, 1, Task VI--Comprehensive R e v i e w  (cont.) 

b. Handling Procedures Used with Oxygen Dif luor ide  

On a laboratory scale, oxygen d i f l u o r i d e  is commonly t ransfer red  

as a gas i n  a vacuum system and l i q u i f i e d  a t  t h e  poin t  where t h e  experimental 

work is  planned (References 5, 6 ,  7 ,  8, 9 ,  and 10). I n  order  t o  reduce 

t o x i c i t y  problems and i n  some cases explosive hazards, t h e  q u a n t i t i e s  handled 

are usua l ly  q u i t e  s m a l l ,  2 gm o r  less. 

e i t h e r  by venting through a hood i f  q u a n t i t i e s  are small, o r  by burning i f  

l a rge r  q u a n t i t i e s  are involved. 

Disposal of t h e  OF2 is usua l ly  handled 

While t h e  use  of a vacuum system f o r  t r an fe r r ing  reactive materials 

i s  common, i t  is accompanied by d i f f i c u l t i e s .  

and t h e  experimental work is  f requent ly  in te r rupted  by leaks.  

t h i s  research it  w a s  planned t o  d i l u t e  t h e  interhalogens with helium and t o  

t r a n s f e r  with a dr iv ing  pressure;  OF 

Quant i t ies  are s t r i c t l y  l imi ted  

Therefore, i n  

would be t r ans fe r r ed  by i t s  own pressure.  2 

A s  t h e  q u a n t i t i e s  of OF2 commonly used i n  experimental work, 1 and 

10 gm, are completely inadequate f o r  t h e  evaluat ion of g e l  proper t ies ,  it w a s  

decided t o  handle OF2 remotely. The approach permitted t h e  use  of reasonably 

l a r g e  q u a n t i t i e s  of OF up t o  1 l i t e r ,  with safe ty .  I n  addi t ion ,  i t  w a s  

decided t h a t  i n i t i a l  work would be done with l i q u i d  N2 so t h a t  experimental 

procedures could be checked out  before  work with OF2 w a s  attempted. 

2 9  

c. Engineering Measurements on Selected P a r t i c u l a t e  G e l s  

(1) Measurement of S t a t i c  Proper t ies  

Two commonly measured s ta t ic  proper t ies  of a ge l l ed  system are 
y i e l d  stress and mechanical s t a b i l i t y .  

degree of s t r u c t u r e  possessed by a g e l  when a t  rest. Mechanical s t a b i l i t y  

measurements are used t o  determine whether t h e  s o l i d  suspended i n  a ge l led  

Yield stress is a measurement of t h e  
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111, 1, Task VI--Comprehensive Review (cont.) 

p rope l lan t  settles during s to rage  andlor  i f  a n  exudat phase 

of t h e  propel lan t  development program, only t h e  degree of s t r u c t u r e  possessed 

by t h e  g e l  is of i n t e r e s t .  

f om , In  t h i  

The measurement of y i e l d  stress is t h e  s tandard measurement 

used t o  determine t h e  degree of s t r u c t u r e  of a g e l l e d  propel lant .  

ca lcu la ted  t h e  y i e l d  stress of l i q u i d  hydrogen g e l l e d  with a p a r t i c u l a t e  g e l l i n g  

agent by measuring t h e  m a x i m u m  torque required t o  start t h e  r o t a t i o n  of t h e  

star r o t o r  of a Rotoviscometer (Reference 2). They a l s o  measured t h e  y i e ld  

stress of t hese  g e l s  w i th  cone penetrometers (Reference 14). Aerojet-General 

attempted t o  measure t h e  y i e l d  stress of g e l l e d  l i q u i d  oxygen with a r i s i n g  

sphere rheometer. 

(Reference 12) .  

y i e ld  stress of l i q u i d  oxygen ge l l ed  with a p a r t i c u l a t e  g e l l i n g  agent is  probably 

due t o  t h e  f a c t  t h a t  a shear  rate is appl ied t o  t h e  g e l  during t h e  measurement. 

Technidyne 

It w a s  found t h a t  a s teady-state  f o r c e  could not  be  obtained 

The f a i l u r e  of t h e  r i s i n g  sphere rheometer t o  measure t h e  

The r e s u l t s  of t h e  work reviewed indica ted  t h a t  e i t h e r  a 

Rotoviscometer o r  a cone penetrometer are f e a s i b l e  means of measuring t h e  degree 

of s t r u c t u r e  possessed by a cryogenic g e l .  However, t h e  reactive and tox ic  

proper t ies  of OF2 are such t h a t  experimental problems would be encountered. 

(2) Measurement of Flow Proper t ies  

The measurement of t h e  flow proper t ies  of propel lan ts  ge l led  

with p a r t i c u l a t e  g e l l i n g  agents  has  been inves t iga ted  by several agencies.  

Reaction Motors Division, Thiokol Chemical Corporation, attempted t o  measure 

t h e  flow p rope r t i e s  of OF 

a c a p i l l a r y  viscometer (References 5, 6 ,  7,  8 and 9). 
instrument w a s  not su i t ab le .  

during t h e  measurements and no use fu l  r e s u l t s  were obtained. 

t h e  flow p rope r t i e s  of l i q u i d  hydrogen ge l l ed  wi th  a p a r t i c u l a t e  g e l l i n g  agent 

ge l l ed  with var ious  p a r t i c u l a t e  g e l l i n g  agents  with 

It w a s  found t h a t  t h e i r  
2 

The g e l s  separated under pressure  and/or cored 

Technidyne measured 
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with a Rotoviscometer (References 2, 3 ,  9 and 11). The r e s u l t s  obtained were 

reproducible and showed t h a t  t h e  g e l s  shear-thinned. Aerojet-General measured 

the  apparent v i s c o s i t y  of l i q u i d  oxygen g e l s  a t  var ious  shear  rates with a 

Brookfield Viscometer (Reference 12)  and good r ep roduc ib i l i t y  w a s  obtained. 

Aerojet-General has a l s o  s tudied t h e  flow of water g e l l e d  with a p a r t i c u l a t e  

ge l l i ng  agent from a s m a l l  tank (Reference 13). 

across  t h e  o u t l e t  s i g n i f i c a n t l y  reduced coring and hang-up. 

cluded t h a t  t h e  conf igura t ion  of t h e  tank o u t l e t  end c losures  would s i g n i f i c a n t l y  

a f f e c t  t h e  expulsion behavior of t h e  p a r t i c u l a t e  g e l .  

It w a s  found t h a t  a b a f f l e  

It w a s  a l s o  con- 

The r e s u l t s  of t h i s  review c l e a r l y  show t h a t  r o t a t i o n a l  

viscometers have been t h e  p r inc ipa l  type of instruments which have been used 

t o  d a t e  t o  measure t h e  flow proper t ies  of cryogenic l i q u i d s  ge l l ed  with par t icu-  

l a te  ge l l i ng  agents .  

p roper t ies  of f l u i d  hydrogen slush (Reference 15) and t h e  r ecen t ly  published 

comments from t h e  Cryogenics Divis ion of NBS i n d i c a t e  t h a t  i t  is poss ib le  t o  

measure t h e  rheologica l  proper t ies  of s lushes  i n  flow systems. Because of t h e  

encouraging r e s u l t s  obtained by Union Carbide t h e  NBS and because r o t a t i o n a l  

However, t h e  research by Union Carbide on t h e  rheologica l  

viscometers do not  provide information t h a t  is  d i r e c t l y  r e l a t a b l e  t o  the  behavior 

of t h e  g e l  under flow condi t ions,  it w a s  planned t o  develop a technique t o  measure 

t h e  flow p rope r t i e s  of ge l led  OF with a flow viscometer. This technique would 2 
provide q u a n t i t a t i v e  d a t a  regarding flow proper t ies  and q u a l i t a t i v e  information 

regarding techniques required t o  expel t h e  ge l l ed  OF2 from t h e  tanks.  

d. In-Space S t o r a b i l i t y  

I n  t h e  course of t h i s  program, an  a n a l y t i c a l  study w a s  completed 

on the  e f f e c t  of g e l a t i o n  and t h e  e f f e c t  of t h e  g e l l i n g  agent  s e l ec t ed  on t h e  

s t o r a b i l i t y  of a cryogenic propel lan t  i n  a space environment. The propel lan t  

considered w a s  OF 

assumptions made and t h e  r e s u l t s  of t h e  heat  t r a n s f e r  ca l cu la t ions  performed. 

The following paragraphs present  a d iscuss ion  of t h e  2' 
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The OF2 would b e  s tored  i n  space a t  e s s e n t i a l l y  zero acce le ra t ion  

and would be  subjected t o  s o l a r  thermal r ad ia t ion .  A s to rage  tank conf igura t ion  

has not been spec i f ied ;  f o r  t h e  sake of comparison, t h e  analyses  were done f o r  

1.0 sq f t  of tank su r face  or ien ted  normal t o  t h e  s o l a r  r ad ia t ion ,  

tank su r face  condi t ion w a s  considered; i.e., a s o l a r  abso rp t iv i ty  of 0.1 and an  

emissivi ty  of 1.0 were used. 

An op t imis t i c  

The r e s u l t s  of t h e  comparison conducted are t h a t  nea t  OF2 b o i l s  

off  most r ead i ly  and t h a t  OF2 ge l led  with a n  i n e r t  agent b o i l s  off least ,  
readi ly .  Gelled OF ge l led  with e i t h e r  C1F3 o r  C1F f a l l s  between these  2 5 
extremes, with OF2 ge l l ed  by means of C1F3 having a lower boi lof f  rate than 

OF2 ge l l ed  with C1F5. 

(1) i f  bo i lof f  is a considerat ion i n  a n  unshielded tank, ge l led  OF2 may o f f e r  

an  advantage over nea t  OF2; and (2) i f  it is des i red  t o  use  a n  oxid izer  as a 

ge l l i ng  agent ,  C1F 

The conclusions drawn from t h i s  a n a l y t i c a l  study are: 

is  b e t t e r  than C1F5 from t h e  poin t  of view of b o i l o f f .  3 

I n  order  t o  arrive a t  t h i s  comparison, two r e l a t i v e l y  simple thermal 

models were used, one f o r  nea t  OF2 and another f o r  ge l l ed  OF2. 

considered a 1.0 f t  tank w a l l  area with a s o l a r  abso rp t iv i ty  of 0.1 and an  

emissivi ty  of 1.0 or ien ted  normal t o  t h e  s o l a r  r ad ia t ion .  

i t  w a s  determined t h a t  t h e  OF2 wetting t h e  w a l l  would experience nuc lea te  bo i l ing  

and hence t h e  w a l l  temperature could be approximated by t h e  OF2 s a t u r a t i o n  

temperature [230°R a t  one atm (assumed tank pressure) ] .  Knowing t h i s  w a l l  

temperature, t h e  hea t  rad ia ted  t o  space could be ca lcu la ted  and, hence, t h e  
2 net heat  i n t o  the  OF2 (0.76 x IOm4 Btu/in. -sec) w a s  known, i .e.,  absorbed s o l a r  

r a d i a t i o n  (0.1 x 8.52 x 

(0.092 x 

sa tu ra t ed  and, therefore ,  t h i s  n e t  heat  evaporated OF2. 

vapor iza t ion  of 82 Btu/lb,  t h i s  corresponds t o  11.5 lb/day f o r  1.0 f t  

wetted su r face  area. 

Both models 
2 

For t h e  neat  model, 

Btu/in.2-sec) less hea t  r e rad ia t ed  t o  space 
2 Btu/in. -sec). It w a s  assumed t h a t  t h e  OF2 i n  t h e  tank w a s  

of 

With a hea t  of 
2 
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The thermal model f o r  t h e  ge l l ed  OF2 w a s  s l i g h t l y  more complicated. 

The bas i c  assumption i n  s e t t i n g  up t h e  model is t h a t ,  It i s  shown i n  Figure 3 .  

as t h e  OF2 is  evaporated a t  t h e  tank sur face ,  a gap i s  formed between t h e  

evaporating su r face  of t h e  ge l l ed  OF 2 
f i l l e d  with t h e  g e l l i n g  agent  matr ix  p lus  OF2 vapor. 

evaporates;  t h e  l a r g e r  t h e  gap, t he  more thermal i n s u l a t i o n  is provided f o r  t h e  

remaining ge l l ed  OF 

correspondingly OF2 evaporated) as a func t ion  of time. 

they are: 

and t h e  tank w a l l ,  and t h a t  t h i s  gap is 

2 The gap grows as OF 

Three equations are used t o  d e f i n e  gap width (and 2' 
Referr ing t o  Figure 3, 

- 
QCOND - a Q ~ ~ ~  - QRERADIATION (Eq 1 )  

Tw - T~~~ 
QCOND = kc X 

where : 

QSUN 

QCOND 

QRERADIATION 
E 

a 

0 

TW 

h~~ 
P 

X 

0 

kc 

T~~~ 

-4 2 s o l a r  r a d i a t i o n  (8.54 x 10  Btu/in.  -sec) 

hea t  conduction across  gap 

C O T  

tank w a l l  emiss iv i ty  (1.0) 

tank w a l l  s o l a r  a b s o r p t i v i t y  (0.1) 

Stefan-Boltzman constant  

tank w a l l  t empera ture  (no g rad ien t  assumed i n  wal l )  

OF 

O F  dens i ty ,  95 l b / f t  

gap width 

time 

gap material conduct ivi ty  (approximated by f l u o r i n e  
vapor conduct iv i ty ,  0.003 Btu/ft-hroR) 

OF s a t u r a t i o n  temperature 

4 
W 

hea t  of vapor iza t ion ,  82  Btu/ lb  
3 2 

2 

2 

Page 15 



Report 1038-02s 

Evaporation A t  Gelling Agent Plus 
This Interface 

Figure 3. Thermal Model f o r  Evaporation of Gelled OF2 
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Using Equations 1 and 3 ,  a r e l a t i o n  is establishel between T and X. With t h i s  

r e l a t ionsh ip ,  Equation 2 i s  then in tegra ted  t o  f i n d  t h e  dependence of X upon 0 

which def ines  evaporation wi th  time as long as X is  increasing.  It is assumed 

t h a t  t h e  gap width and tank w a l l  temperature are increased u n t i l  t h e  melting 

point  of t h e  ge l l i ng  agent is reached a t  t h e  tank w a l l  and then t h e  gap widens 

while  w a l l  temperature remains constant .  

evaporation rate is  constant  and is ca lcu la ted  from t h e  n e t  hea t  input  t o  t h e  

tank w a l l ,  absorbed s o l a r  r a d i a t i o n  minus r e rad ia t ed  heat .  

t h e  i n e r t  agent ,  t h e  g e l l i n g  agent melting poin t  is  never reached and t h e  gap 

2' width continues t o  grow providing more and more thermal pro tec t ion  f o r  t h e  OF 

The C1F5 ge l l i ng  agent m e l t s  a t  -153'F and t h e  C1F3 m e l t s  a t  -105'F; therefore ,  

t h e  gap width is  l a r g e r  f o r  t h e  C1F3 (0 .3  i n . )  than f o r  t h e  C1F 

Boiloff is ,  thereby, g r e a t e r  f o r  t h e  C1F 

W 

With t h e  gap width constant ,  t h e  

For OF2 ge l led  with 

(0.1 in . ) .  5 
than f o r  t h e  C1F3 g e l l i n g  agent.  5 

5 
The model described above is idea l ized  f o r  t h e  case of melting C1F 

and C1F3 g e l l i n g  agents;  however, it is bel ived t o  be  conservative.  

2. TASK VII--DEVELOPMENT OF TECHNIQUES TO GEL OXYGEN DIFLUORIDE 
AND TO MEASURE ENGINEERING PROPERTIES OF THE GEL 

a. Design and Fabr ica t ion  of Equipment 

The design of t h e  f l u o r i n e  compound t r ans fe r r ing  equipment f o r  

preparing f i n e  p a r t i c l e s  by f reez ing  interhalogens w a s  based on t h e  following 

criteria: 

condensed as a f i n e  p a r t i c l e ;  (2) t h e  equipment must have t h e  capab i l i t y  of 

handling l i q u i d  OF 

(3) t h e  quant i ty  of ox id izer  on hand i n  t h e  apparatus should not  exceed t h e  
quant i ty  required f o r  a given experiment by more than 10%; ( 4 )  t h e  equipment 

would have t h e  capab i l i t y  of d i l u t i n g  t h e  interhalogen with helium and be capable 

(1) t h e  interhalogen w a s  only t o  be handled as a gas  u n t i l  i t  w a s  

which a l s o  would be handled as a gas  u n t i l  i t  w a s  l i q u i f i e d ;  J 2 
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of varying the  amount of d i luen t  over a wide range; (5) t h e  equipment should 

have t h e  capab i l i t y  of measuring t h e  pressure,  flow rate and flow ve loc i ty  a t  

which t h e  interhalogen was de l ivered  t o  t h e  vessel where i t  w a s  condensed; 

and (6) t h e  equipment must be  f l e x i b l e  so  t h a t  it could be modified e a s i l y  and 

economically t o  m e e t  changing requirements. 

t h e  equipment designed and fabr ica ted  t o  m e e t  t h e  above l i s t e d  requirements. 

Figure 4 presents  a schematic of 

A l l  of t h e  l i n e s  were fab r i ca t ed  from stainless-steel tubing. The 

ge l l i ng  vessel and cap w e r e  of g l a s s  during t h e  i n i t i a l  p a r t  of t h e  program. 

During t h e  lat ter p a r t  of t h e  program, t h e  g l a s s  cap w a s  replaced with a cap 

fabr ica ted  from aluminum. 

g l a s s  cap w a s  too f r a g i l e .  

by stainless-steel f l e x  l ines .  
soap and water, r insed  wi th  d i s t i l l e d  water, pickled i n  a n i t r i c  acid-HF p ick l ing  

so lu t ion ,  again r insed  with d i s t i l l e d  w a t e r  and dr ied .  

ware w a s  f lushed with methanol, then f lushed with Freon 113 and again dr ied ;  

i t  w a s  then i n s t a l l e d .  During i n s t a l l a t i o n ,  s p e c i a l  precaut ions were taken t o  

keep t h e  hardware clean. Af te r  i n s t a l l a t i o n ,  t h e  system w a s  passivated with 

C1F3 vapors. After  t h e  i n i t i a l  ClF3 passivat ion,  t h e  system was  pressurized 

t o  working pressure  wi th  helium and exposed overnight t o  a mixture of helium 

and C1F3. o r  OF2 se rv ice  were e i t h e r  1/4-in. o r  1/2-in. 3 
Control Component Valves Model No.'s MV6004T and MV6008T. 

occasional  valve developing a s m a l l  l e a k  across  t h e  stem a f t e r  long per iods 

of se rv ice ,  no equipment problems were encountered. 

This change w a s  made because i t  w a s  found t h a t  t h e  

The var ious  reagent  l i n e s  were a t tached  t o  t h e  cap 

A l l  of t h e  hardware w a s  thoroughly cleaned with 

After  drying, t h e  hard- 

All valves i n  C1F 
Except f o r  an 

The i t e m  of hardware which is used t o  add t h e  gaseous g e l l i n g  agent  

t o  t h e  cryogenic l i q u i d  is c a l l e d  t h e  i n j e c t i o n  tube. 

t h e  purpose of which is t o  ensure t h a t  t h e  g e l l i n g  agent does not  f r e e z e  i n  t h e  

tube and clog it, a thermocouple f o r  measuring gas  temperature, and a nozzle. 

Figure 5 i l l u s t r a t e s  a t y p i c a l  i n j e c t i o n  tube. 

The tube  contains  a hea te r ,  

Early models had an asbes tos  

Page 18 



Report 1038-02s 

C 

c 

U 

Page 19 



Report 1038-023 

~ VESSEL WALL 

h\I I n w  
ELECTRICAL LEADS TO 
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GLASS INSULATION 
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Figure 5. I n j e c t i o n  Tube 
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l i n e r  and aluminum c o i l  cover, and t h e  o r i f i c e  p l a t e  w a s  a t tached  by means of a 

copper cone, r e t a i n e r  and r e t a i n e r  cap. 

and aluminum f o i l  w e r e  el iminated. 

t h e  outer  w a l l ,  e l iminat ing t h e  copper cone. 

p o s s i b i l i t y  of having t h e  reagents  l e a k  i n t o  t h e  hea ter  s e c t i o n  of t h e  i n j e c t i o n  

tube. 

I n  later models, t h e  asbestos  l i n e r  

The o r i f i c e  p l a t e  w a s  silver soldered t o  

This s t e p  g r e a t l y  reduced t h e  

The outer  por t ion  of t h e  i n j e c t i o n  tube ex te rna l  t o  t h e  g e l l i n g  

v e s s e l  contained a helium i n l e t .  This permitted t h e  pressur iza t ion  of t h e  

i n t e r i o r  of t h e  tube between t h e  reagent  tube and t h e  outer  w a l l ,  thus  ensuring 

t h a t  t h e r e  would be no l eak  i n t o  t h e  hea te r  sec t ion .  Leakage i n t o  t h i s  s ec t ion  

could not  be permitted because t h e  hea te r ,  i n su la t ion  and pot t ing  compounds are 

not compatible with t h e  g e l l i n g  agent. 

b. Development of Techniques t o  Prepare Fine 
P a r t i c l e s  of Frozen Fluorinated Oxidizers 

The f luo r ina t ed  interhalogens were obvious choices as g e l l i n g  agents ,  

i .e.,  C1F3 and ClF5. 

work. To reduce t h e  s a f e t y  hazards,  l i q u i d  N w a s  s e l ec t ed  as a simulant f o r  

l i q u i d  OF2. 

The former w a s  a r b i t r a r i l y  chosen f o r  i n i t i a l  experimental 

2 

(1) Preparat ion of Fine Particles of Chlorine T r i f l u o r i d e  

The f i r s t  t h r e e  experiments had two major purposes. F i r s t ,  t o  

check-out t h e  interhalogen de l ivery  equipment, and second, t o  determine whether 

t h e  i n j e c t i o n  tube design w a s  s a t i s f a c t o r y .  

o p t i c a l  equipment, which would be used later i n  t h e  program with C1F 

determined. 

f i n a l  i n l e t  tube design, described i n  t h e  previous sec t ion ,  w a s  developed during 

these  experiments,, 

I n  add i t ion ,  t h e  compat ib i l i ty  of 

w a s  3' 
The f l u o r i n e  compound de l ivery  equipment w a s  s a t i s f a c t o r y  and t h e  

3' The o p t i c a l  equipment w a s  found t o  be compatible with C1F 
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The procedures used during t h e  experiments t o  prepare f i n e  

p a r t i c l e s  of C1F were e s s e n t i a l l y  t h e  same i n  a l l  cases.  The C1F w a s  d i l u t e d  

with helium and then in j ec t ed  i n t o  t h e  l i q u i d  N2 through a s m a l l  o r i f i c e .  

rate of i n j e c t i o n  w a s  var ied  and t h e  temperature of t h e  in j ec t ed  gas  mixture w a s  

monitored. 

3 3 
The 

After t h e  p a r t i c l e s  w e r e  made, t h e i r  s e t t l i n g  rate was measured 

s o  t h a t  p a r t i c l e  s i z e  could be  calculated.  

por t ion  of t h i s  program t h a t  w a s  devoted t o  a p rec i se  study of t h e  e f f o r t  of 

experimental va r i ab le s  on p a r t i c l e  s i ze . )  

(Section 111,2,c,(2) descr ibes  t h a t  

I f  t h e  p a r t i c l e s  ge l l ed  t h e  l i q u i d  

N2, t h e  degree of g e l  s t r u c t u r e  

a t  var ious C1F concentrat ions,  

diameter. (Section 111,2,d, (1) 

method f o r  assess ing  t h e  degree 

var ied  by adding o r  evaporating 

3 

The results of 

of C1F3 are summarized i n  Table 

was estimated by determining whether t h e  g e l ,  

would support a steel  b a l l  of known mass and 

descr ibes  t h e  development of a more accura te  

of g e l  s t ruc ture . )  C1F concentrat ion w a s  

l i q u i d  N2. 
3 

t h e  experimental work t o  prepare f i n e  p a r t i c l e s  

I. Spec i f ic  features of each experiment and 

t h e  conclusions drawn are dlscussed below. 

Experiment 4 

The i n l e t  tube o r i f i c e  was located 1 /2  t o  1-1/2 in .  above t h e  
l i q u i d  N2 level. 
of t h e  ClF3 f r o z e  ou t  on t h e  vessel w a l l s .  
mixture must b e  i n j e c t e d  below t h e  l i q u i d  N2 l eve l .  

A few l a r g e  p a r t i c l e s  (14 microns) of ClF3 formed, but most 
It w a s  concluded t h a t  t h e  ClFyhelium 

&per iment 5 

The i n l e t  tube o r i f i c e  w a s  located approximately 6 in. below 
t h e  l i q u i d  N2 surface.  Extremely f i n e  p a r t i c l e s  w e r e  formed which apparent ly  
d id  not  sett le during a n  hour of observation. 
a g e l  formed; a t  a ClF3 concentrat ion of 1 7  w t %  t h e  g e l  would support  a steel 
b a l l  of 0.3596-in. d i a .  The b a l l  weighed 4.047 gm. The ca lcu la ted  s t r u c t u r e  
index is  approximately 3000 dynes/cmZ. 

As t h e  l i q u i d  N2 w a s  evaporated 
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Experiments 6 and 7 

The i n l e t  tube o r i f i c e  WZLS again loca ted  approximately 6 in.  
below the  l i q u i d  N2 surface.  I n  both experiments t h e  i n l e t  tube clogged wlth 
frozen.ClF3 as soon as the.ClF3-helium mixture flow was s t a r t e d .  
concluded t h a t  clogging was caused by.ClF3 f reez ing  during a drop %n flow 
ve loc i ty  i n  t h e  i n l e t  tube which occyrred as the  neat helium flow was cut off  
and the.ClF3-helium flow was s t a r f e d .  
helium flow was maintained constant: u n t i l  t he  .ClFg-helium flow was es tab l i shed  
at the  des i red  rate;  then the  near helium flow was cu t  o f f .  

It was 

.Consequently, i n  Experiments 8 and 9 

Experiment 8 

The i n l e t  tube o r i f i c e  was  loca ted  approximately 6 i n .  below 
the  l i qu id  N2 surface.  Extremely f i n e  p a r t i c l e s  were formed; however, t he  
particles did slowly sett le a t  the  beginning of t h e  experiment. No evidence of 
s e t t l i n g  was observed a f t e r  t he  concentrat ion of t h e  C1F3 reached 7.8 wt%.  
ge l ,  wi th  a s t r u c t u r e  index of approximately 3000 dynes/cm2 formed at a .ClF3 
concentration of 14.8 wt%.  

A 

Almost a l l  of t he  l i q u i d  ni t rogen was pumped off  and f r e s h  
l i qu id  n i t rogen  added. A second g e l  i d e n t i c a l  i n  appearance and proper t les  t o  
the  f i r s t  w a s  formed. The f a c t  t h a t  t he  p a r t i c l e s  d id  not loose t h e i r  g e l l i n g  
a b i l i t y  a f t e r  most of t h e  l i q u i d  N2 had been removed is of considerable impor- 
tance. 
the  l i q u i d  N2 removed and l i q u i d  OF2 added and ge l led .  
p a r t i c l e s  can be prepared i n  advance, s tored  a t  t h e  NBP temperature of n i t rogen ,  
and used a t  a later t i m e .  
and s implify t h e  eventual large-scale  production of t h e  particles. 

It means t h a t  t h e  p a r t l c l e s  can be prepared i n  l i q u i d  N2 and most of 
This implies  t h a t  

This a b i l i t y  should g rea t ly  reduce s a f e t y  problems 

Experiment 9 

The i n l e t  tube o r i f i c e  was located approximately 6 in. below 
the  l i q u i d  N2 level. 
above t h a t  of previous experiments. 
i n  the  previous experiments. 
a t  lower.ClF3 concentrations.  

The flow rate of the,ClFg-helium mixture was increased 
The p a r t i c l e s  formed appeared smaller than 

Visual observation ind ica ted  t h a t  a g e l  occurred 
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Experiment 12 

The purpose of t h i s  experiment w a s  t o  demonstrate t h a t  t h e  
production of f i n e  p a r t i c l e s  of ClF3 which would g e l  l i q u i d  N2 had been reduced 
t o  a r o u t i n e  laboratory operation. The i n l e t  tube o r i f i c e  w a s  loca ted  approxi- 
mately 6 in .  below t h e  l i q u i d  N2 surface.  
however, t h e  p a r t i c l e s  d i d  slowly set t le  a t  t h e  beginning of t h e  experiment. 
evidence of s e t t l i n g  w a s  observed a f t e r  t h e  concentrat ion of ClF3 reached 
7.9 w t % .  
a t  a ClF3 concentrat ion of 11%. 

Extremely f i n e  p a r t i c l e s  were formed; 
No 

A g e l  with a S t ruc tu re  Index of approximately 3000 dynes/cm2 formed 

2 
Figure 6 shows a suspension of C1F particles i n  l i q u i d  N 3 

sho r t ly  a f t e r  i t  had been prepared. 

not an  exudate. 

vesse l .  

The l i q u i d  l aye r  above t h e  suspension is  

It is  t h e  l i q u i d  N2 i n  t h e  Dewar  which surrounds t h e  ge l l i ng  

Figure 7 shows a s m a l l  por t ion  of t h e  l i q u i d  n i t rogen  ge l led  

with C1F 

not  flow a t  l g  unless  sheared. 

p a r t i c l e s  c l ing ing  t o  a spa tu la .  It c l e a r l y  shows t h a t  t h e  g e l  does 3 

The series of experiments j u s t  described demonstrated t h a t  

(1) p a r t i c l e s  of C1F3 t h a t  would g e l  l i q u i d  N 2  could be prepared, (2) i t  is  

e s s e n t i a l  i n  t h e  preparat ion of f i n e  p a r t i c l e s  t h a t  t h e  mixture of C1F and 

helium be in j ec t ed  below t h e  level of t h e  l i q u i d  N2, otherwise l a r g e  particles 

formed and most of t h e  ge l l i ng  agent f r eezes  out  on t h e  v e s s e l  w a l l s ,  (3) t h e  

preparat ion of t h e  p a r t i c u l a t e  ge l l i ng  agent has been reduced t o  a r o u t i n e  

laboratory operat ion,  and ( 4 )  t h e  p a r t i c l e s  d i d  not  l o s e  t h e i r  g e l l i n g  a b i l i t y  

i f  t h e  l i q u i d  N2 w a s  removed and more l i q u i d  N 

p a r t i c l e s  a t  t h e  NBP of l i q u i d  N2. 

observat ion of t h e  s e t t l i n g  rate,  w a s  less than 1 micron. 

3 

added while maintaining t h e  2 
The apparent p a r t i c l e  s i z e ,  on t h e  bas i s  of 

During t h e  course of t h i s  program, many 

I n  no case prepared using C1F3 p a r t i c l e s  as t h e  ge lan t .  

t o  g e l  l i q u i d  N2 when t h e  described procedure w a s  used. 

l i q u i d  N g e l s  w e r e  

d i d  t h e  p a r t i c l e s  f a i l  

I n j e c t i o n  ve loc i ty  

2 
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Figure 6. Suspension of C1F P a r t i c l e s  i n  Liquid Nitrogen 3 
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Figure 7. Liquid Nitrogen Gelled wi th  C1F P a r t i c l e s  
3 
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ranged from 340 t o  1900 cm3(STP)/sec and d i l u t i o n  of t he  ClF3 vapor ranged from 

16 t o  60 volumes of helium t o  1 volume of.C1F3 vapor. The ge ls  w e r e  formulated 

(1) by preparing the  p a r t i c l e s  of.C1F3 i n  a l a r g e  volume of l i q u i d  N2 and then 

evaporating a por t ion  of t he  l i q u i d  N2 t o  ob ta in  a g e l  of t he  des i red  thickness  

and (2) by preparing the  quant i ty  of particles required t o  give a g e l  of t h e  

desired consistency i n  the  volume of l i q u i d  N2 t h a t  w a s  needed. 

preparedf romdi lu te  mixtures of C1F3 and helium appeared t o  form s t i f f e r  g e l s  

at a given ge l l i ng  agent concentration. 

t h i s  phenomenon were obtained, and t h e  p a r t i c l e  s i z e  measurements discussed 

i n  Section 111,2,c,(2) d id  not confirm t h i s  observation. 

P a r t i c l e s  

However, no q u a n t i t a t i v e  d a t a  regarding 

(2) Preparat ion of Fine P a r t i c l e s  of .Chlorine Pentaf luoride 

A series of experiments were conducted t o  determine whether a 

p a r t i c u l a t e  ge l l i ng  agent could be prepared from.C1F5. 

during t h e  experiments t o  prepare f i n e  p a r t i c l e s  of.C1F5 were e s s e n t i a l l y  t h e  

same as the  procedure used with.ClF The.ClF w a s  d i l u t e d  with helium and 

then in j ec t ed  i n t o  t h e  l i q u i d  N2 through a small o r i f i c e .  

w a s  var ied  and the  temperature of t h e  in j ec t ed  gas monitored. 

The procedure used 

3' 5 
The rate of i n j e c t i o n  

The r e s u l t s  of the  experimental work t o  prepare f i n e  p a r t i c l e s  

of .ClF are summarized i n  Table 11. 

the  conclusions drawn are discussed below. 

Spec i f ic  f ea tu re s  of each experiment and 5 

Experiment 10 

The i n l e t  tube o r i f i c e  w a s  loca ted  approximately 6 i n .  below 
the  l i q u i d  ni t rogen surface.  
l i q u i d  ni t rogen,  p a r t i c l e s  of .ClF5 formed. 
of t he  s e t t l i n g  rate, t h e  p a r t i c l e  s i z e  w a s  ca lcu la ted  t o  be 18 microns. 
formed as the  l i q u i d  N2 was  pumped o f f .  

As the.ClF5-helium mixture w a s  i n j ec t ed  i n t o  t h e  
On t h e  bas i s  of v i s u a l  observation 

No g e l  
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It was  concluded t h a t  possibly because of t h e  s u b s t a n t i a l l y  
lower melting poin t  of t h e  clF5 (-103OC) compared t o  ClF3 (-76OC), f reez ing  
of t h e  p a r t i c l e s  w a s  occurring a t  a s u b s t a n t i a l l y  lower rate and t h e  p a r t i c l e s  
had time t o  grow. 

Experiment 11 

To reduce t h e  quant i ty  of ClF5 present  during t h e  formation of 
t h e  p a r t i c l e s ,  thereby encouraging t h e  formation of smaller p a r t i c l e s ,  t h e  
d i l u t i o n  of t h e  C1Fg with helium was increased t o  t h e  maximum capaci ty  of t h e  
equipment and t h e  i n j e c t i o n  rate was decreased. 

As t h e  ClF5 helium mixture w a s  i n j ec t ed  i n t o  t h e  l i q u i d  ni t rogen,  
p a r t i c l e s  of CIF5 formed. 
rate, t h e  p a r t i c l e  s i z e  w a s  ca lcu la ted  t o  be  23 microns. 
l i q u i d  N2 w a s  pumped o f f .  

On t h e  b a s i s  of v i s u a l  observat ion of t h e  s e t t l i n g  
No g e l  formed as t h e  

The f a i l u r e  of t h e  condensation technique f o r  preparing f i n e  

p a r t i c l e s  of C1F 5 
and most l i k e l y  cause is t h a t  ClF which m e l t s  a t  -103"C, has  a s l i g h t  s o l u b i l i t y  

i n  l i q u i d  N2. 

ge l l i ng  a b i l i t y  would occur as p a r t i c l e  growth a t  t h e  expense of t h e  smaller 

p a r t i c l e s  is normal i n  l iqu id-so l id  systems where a s l i g h t  s o l u b i l i t y  exists. 

which would g e l  l i q u i d  N2 has two poss ib le  causes. The f i r s t  

5 
I f  a s l i g h t  s o l u b i l i t y  exists, p a r t i c l e  growth and a loss of 

The second poss ib l e  cause i s  t h a t  t h e  p a r t i c l e s  of C1F w e r e  5 
forming a t  a slower rate because of t h e  lower melting poin t  of C1F 

t h e  p a r t i c l e s  had a n  opportunity t o  grow t o  a r e l a t i v e l y  l a r g e  s i z e  before  growth 

w a s  stopped. 

on in-space s t o r a b i l i t y  had shown t h a t  C1F3 g e l s  possessed super ior  s to rage  

proper t ies  (see Sect ion I I I , l , d ) ,  and t h e  performance ca l cu la t ions  ind ica ted  only 

a s l i g h t  improvement i n  performance wi th  ClF5 compared t o  C1F3 (see Sect ion I ,2 ,b) ,  

i t  w a s  decided t o  discont inue work with C1F5. . 

Consequently, 5' 

As t h e  r e s u l t s  of t h e  a n a l y t i c a l  s tudy of t h e  e f f e c t  of g e l a t i o n  
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c. P a r t i c l e  S ize  Measurements 

It w a s  recognized t h a t  the  a b i l i t y  t o  measure the  s i z e  of t he  

p a r t i c l e s  formed would be a valuable  a i d  i n  d i r e c t i n g  the  course of t h i s  program. 

It could provide a means f o r  determining i f  changing an experimental va r i ab le  

w a s  improving the  q u a l i t y  of the  particles prepared (e.g. ,  t he  va r i ab le  change 

resu l ted  i n  the  preparat ion of a smaller p a r t i c l e ) .  

program, a study w a s  i n i t i a t e d  t o  eva lua te  the  var ious methods ava i l ab le  f o r  

measuring p a r t i c l e  s i z e .  After  the  evaluat ion w a s  completed, the  most appl icable  

method w a s  developed. 

Consequently, ea r ly  i n  t h e  

(1) Evaluation and Se lec t ion  of Technique 

The f i r s t  technique considered w a s  a l i g h t  ex t inc t ion  procedure 

f o r  measuring t h e  s e t t l i n g  rate of the  particles and subsequently ca lcu la t ing  

particle s i z e  from Stokes l a w .  

BET procedure f o r  measuring the  sur face  area of t h e  p a r t i c l e s  with the  subsequent 

ca lcu la t ion  of t h e i r  s i ze .  

The second technique considered w a s  a modified 

The l i g h t  ex t inc t ion  procedure is a technique f o r  determining 

the  s e t t l i n g  rate and homogenity of a polydispersion of s o l i d  p a r t i c l e s  i n  a 

l iqu id .  

chromatic beam of l i g h t  t ravers ing  the  medium. Once the  s e t t l i n g  rate has  been 

determined, p a r t i c l e  s i z e  can be ca lcu la ted  from Stokes l a w .  

It depends on t h e  i n t e r a c t i o n  of t he  dispersed p a r t i c l e s  with a mono- 

The l i g h t  passes t o  the  ge l l i ng  vessel where i t  is rendered 

p a r a l l e l  and passed i n t o  the  l i qu id  medium by means of an o p t i c a l  t r a i n .  

t ransmit ted l i g h t  beams are received by receptor  op t i c s  and passed t o  an o p t i c a l  

sampler; t h e  beam i s  continuously compared t o  a reference beam. This comparison 

is necessary t o  preclude any b i a s  r e s u l t i n g  from changes i n  lamp i n t e n s i t y  o r  

phototube s e n s i t i v i t y  which can occur during the  r e l a t i v e l y  long durat ion of an 

experiment. 
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The electrical s igna l s  from the  phototubes would be monitored 

on a standard osci l lograph o r  v i s icorder .  

experiment, t he  osc i l lograph  would be operated using s h o r t  pulses  separated by 

r e l a t i v e l y  long quiescent  periods.  

mode of operation. 

Because of t h e  long dura t ion  of an 

An automatic t i m e r  would be used f o r  t h i s  

The second technique considered was modif icat ion of t he  BET 

procedures. 

various gases a t  temperatures not f a r  removed from t h e i r  condensation poin t  

occurs because van der  Waal forces  are predominant under these  conditions.  

Also, t h e  same phenomenon permits multimolecular adsorpt ion l aye r s  t o  be formed 

a t  successively higher adsorbate pressures .  

gas adsorbed is measured a t  s eve ra l  pressures  and the  r e s u l t s  p lo t t ed  and 

extrapolated t o  zero pressure,  it i s  poss ib le  t o  estimate t h e  quant i ty  of gas 

required t o  form a monomolecular l aye r  on the  p a r t i c l e .  With t h i s  information 

it is  then poss ib le  t o  ca l cu la t e  t h e  sur face  area of a u n i t  mass of particles. 

It has been suggested t h a t  the  adsorpt ion isotherms exhibi ted by 

Consequently, i f  t h e  quant i ty  of 

The l i g h t  ex t inc t ion  procedure was t h e  method se l ec t ed  f o r  

measuring t h e  p a r t i c l e  s i ze  of t he  p a r t i c l e s  prepared. 

Ext inct ion Measurements of S e t t l i n g  i n  P a r t i c u l a t e  .Containing Liquids,  p resents  

a complete discussion of thegry-principles of operat ion,  apparatus,  r e s u l t s ,  

conclusions, and references.  In  addi t ion ,  t he  p a r t i c l e  s i z e  d i s t r i b u t i o n s  of 

Appendix I, Light 

.C1F3 p a r t i c l e s  measured are presented f o r  p a r t i c l e s  g r e a t e r  than 1 micron i n  

Table I and less than 1 micron i n  Table T I  of Appendix I. 

and t h e i r  s ign i f icance  are discussed later i n  t h i s  r epor t .  

The r e s u l t s  obtained 

Appendix If presents  t h e  r e s u l t s  of an a n a l y t i c a l  s tudy of 

t he  f e a s i b i l i t y  of using t h e  modified BET procedure which w a s  brj iefly discussed 

above. 

the experimental condi t ions an t ic ipa ted ,  t he  p a r t i c l e s  would not adsorb and 

desorb s u f f i c i e n t  q u a n t i t i e s  of gas t o  permit meaningful measurements. 

It was  concluded t h a t  the  procedure w a s  not  appl icable  because, under 
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The p o s s i b i l i t y  of measuring the  s e t t l i n g  rates of t h e  p a r t i c l e s ,  

and subsequent ca l cu la t ion  of p a r t i c l e  s i z e  from Stokes l a w  by measuring t h e  

change i n  i n t e n s i t y  of a beam of r ad ia t ion  passing through the  sample w a s  a l s o  

considered. The source of r ad ia t ion  could be one of several rad ioac t ive  

materials. 

the  l i g h t  ex t inc t ion  procedure and would requi re  more complex readout equipment. 

However, t h i s  approach did not appear t o  o f f e r  any advantages over 

(2) Experimental Measurements 

A group of 11 experiments w a s  conducted with the  l i g h t  extinc- 

t i o n  equipment t o  determine the manner i n  which i n j e c t i o n  ve loc i ty  and the  

d i l u t i o n  r a t i o  of helium t o  ClF3 a f f e c t  the  s i z e  of t he  s o l i d  C1F3 p a r t i c l e s  

prepared by the  condensation technique. 

ranged from 1:20.5 t o  1:74.4; the  i n j e c t i o n  ve loc i ty  ranged from 168 t o  

1500 cm3(STP)/sec. 

from 0.08 t o  1.84 gm/l. 

following paragraphs. 

The volume r a t i o  of C1F t o  helium 3 

The f i n a l  concentrat ion of s o l i d  .ClF i n  the  l i q u i d  N2 var ied  3 
The r e s u l t s  of these experiments are discussed i n  the  

Experiment 16 

The purpose of t h i s  experiment w a s  t o  check out  t he  equipment 

The 
under a c t u a l  operating conditions.  The i n j e c t i o n  ve loc i ty  of the  C1F helium 
mixture w a s  320 c m 3  (STP)/sec and the  quant i ty  of C1F 
da ta  obtained were not considered s a t i s f a c t o r y  because t h e  op t i c s  had become 
misaligned during the  assembly of t h e  equipment. To prevent a recurrence of 
t h i s  problem, the  prism mounts were made more r ig id .  

3- added w a s  0.34 gm. 3 

Experiments 17 through 26 

I n  a l l  cases the  i n j e c t i o n  tube o r i f i c e  w a s  located approxi- 
mately 6 in.  below t h e  l i q u i d  N2 l eve l .  
cussion of t he  theory, appratus ,  and r e s u l t s .  Table I of Appendix I presents  
t he  r e s u l t s  of t he  p a r t i c l e  s i z e  d i s t r i b u t i o n s  f o r  p a r t i c l e s  of a diameter 
g rea t e r  than 1 micron and Table I1 presents  t he  r e s u l t s  of the  polydispers ion 

Appendix I presents  a complete d is -  
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p roper t ies  of p a r t i c l e s  less than 1 micron i n  diameter as observed a t  t h e  upper 
s t a t ion .  
the.ClF3 p a r t i c l e s  were prepared are presented i n  Table 111. 

The experimental parameters which described the  condi t ions under which 

Estimation of t he  accuracy of t he  r e s u l t s  obtained from the 

p a r t i c l e  s i z e  measurements presents  c e r t a i n  d i f f i c u l t i e s .  

p a r t i c l e s  form loose aggregates because of the  a t t r a c t i o n  forces  between t h e  

ind iv idua l  p a r t i c l e s ,  t h e  l i g h t  ex t inc t ion  apparatus would see the  aggregate as 

a s ing le  l a r g e  p a r t i c l e .  

high and t h e  ca lcu la ted  sur face  area would be low. 

formation does occur, c a l i b r a t i o n  of t he  device wi th  o ther  f i n e  p a r t i c l e s  whose 

proper t ies  can be measured by o ther  techniques would be f r u i t l e s s  because the  

degree of aggregation occurring among the  C1F3 p a r t i c l e s  could not be reproduced 

with a par t ic le  prepared from a d i f f e r e n t  material. 

For example, i f  t h e  

.Consequently, t he  ca lcu la ted  p a r t i c l e  s i z e  would be 

I n  addi t ion ,  i f  aggregate 

The da ta  obtained s t rongly  ind ica t e s  t h a t  aggregation i s  

occurring. This is shown by the  f a c t  t h a t  the lower s t a t i o n  measured a sub- 

s t a n t i a l l y  smaller number of p a r t i c l e s  than did the  upper s t a t i o n  i n  every 

experiment except Experiment 24. 
observed at the  two s t a t i o n s  supports the theory t h a t  aggregation is occurring 

i n  t h a t  t he  p robab i l i t y  of t he  ind iv idua l  p a r t i c l e s  forming aggregates increases  

as the  p a r t i c l e s  s e t t l e d  and the  number of p a r t i c l e s  per u n i t  volume increases .  

Table I V  p resents  t h i s  information. I n  addi t ion ,  t he  p a r t i c l e s  must show a 

s t rong  tendency t o  form aggregates because the  formation of interconnect ing 

chains o r  networks of p a r t i c l e s  which t r ap  the  l i q u i d  t o  form a gel- l ike material 

is  a requirement of a p a r t i c u l a t e  ge l l i ng  agent;  i t  has been demonstrated t h a t  

these p a r t i c l e s  form ge ls .  

This d i f fe rence  i n  the  number of p a r t i c l e s  
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TABLE I V  

NUNBER OF PARTICLES OF .ClF3 OBSERVED 
PARTTCLE SIZE MEASUREMENTS 

Exp er h e n  t 
No 

17 

18 
19 
20 
21 
22 
23 
24 
25 
26 

3 Number of Particles x per  c m  
Upper Stage > Lower Stage 

15 
19 
28 
23 
12* 
20 
67 
56 

31 
32 

6.4 

8.6** 
6.9*** 

16 
15 - 
9.4 

7.0 

7.3 

1 7  

10 

12 

Wote: The r e s u l t s  from Experiment 20 should be discarded 
because the  o p t i c a l  system w a s  severely degraded 
by ClF3 a t t ack .  

**Fi rs t  measurement of p a r t i c l e  s i ze .  
***Sample r e s t i r r e d  and p a r t i c l e  s ize  remeasured. 

The mass of ,ClF3 used i n  the  experiments can be determined by 

two independent methods, 

tank during the  t r a n s f e r  of the.C1F3-helium mixture from the  tank t o  the  apparatus 

can be used t o  ca l cu la t e  t he  mass of ClF3 introduced. 

C1F3 present  i n  the  apparatus can be ca lcu la ted  from t h e  dens i ty ,  s i z e  and 

number of C lF3  p a r t i c l e s .  

methods i s  presented i n  Table V and provides a means of es t imat ing the  r e l i a b i l i t y  

of the p a r t i c l e  s i z e  measurements, 

is q u i t e  good, t h e  g r e a t e s t  d i f f e rence  being on t h e  order  of 40%. 

F i r s t ,  t he  pressure drop observed €or the  ClP3 holding 

Second, the  quant i ty  of 

A comparison of the  values  obtained by t h e  two 

The agreement between the  two sets of da t a  
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TABLE V 

QUANTITY OF CHLORINE TRIFLUORIDE BASED ON EXPERIMENTAL DATA 
AND CALCULATED FROM PARTICLE SIZE MEASUREMENTS 

Experimental Calculated From P a r t i c l e  S ize  Measurements 
Upper Stage Lower Stage Mean 

Exp . 
No. 

1 7  

18 
19 
20 
21 
22 
23 
24 
25 
26 

gm C 1 F L  gm ClF? m C1F gm C1Fq 
L i t e r  LN:, L i t e r  LN7 Ligter L& - L i t e r  LN2 

0.968 

0.915 
1.84 
0,980 
0.660 
1.102 
0.486 
1.528 
0.933 -** 

0 977 
0.752 
0.536 
0.723 
0.062* 
0.710 
0.592 
0.418 
0.624 
1.13 
0.081 

1.76 
1.24 
1.40 
2.31 

0.860 
2.21 
0.334 
1.56 
1.56 
0.087 

--- 

1.37 
0.996 
0.968 
1.52 

0.785 
1.40 
0.376 
1.09 
1.34 
0.084 

--- 

*Note: 

**Injection tube clogged almost immediately. 

The results from Experiment 20 should be  discarded because 
t h e  o p t i c a l  system w a s  severe ly  degraded by ClF3 a t t ack .  

Experiment 1 7  w a s  designed t o  measure the p a r t i c l e  s i z e  of t h e  

C1F p a r t i c l e s  prepared under t h e  experimental condi t ions,  determine t h e  

r ep roduc ib i l i t y  of t h e  apparatus  and t o  determine whether p a r t i c l e  growth w a s  

occurring. To achieve these ob jec t ives ,  t h e  p a r t i c l e s  w e r e  prepared and p a r t i c l e  

s i z e  measured over a per iod of one hour. 

t h e  sample w a s  r e s t i r r e d  and t h e  p a r t i c l e  s i z e  aga in  measured. 

t h i s  experiment are tabula ted  i n  Table V I .  

3 

Upon completion of t h i s  measurement 

The r e s u l t s  of 
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TABLE V I  

PARTICLE SIZE MEASUREMENTS, SUMMARY OF RESULTS OBTAINED I N  EXPERXMENT 17 

Upper S ta t ion  
Run 2 

0.752 

Run 1 

0.977 Quantity C1F3 g m l l i t e r  LN2 (a) 

Number of P a r t i c l e s  

< I v / c m  

>1v/cm 

’li.c/Cm 

10 

6 

3,2 x 1 0  

1.5 x 10 

3 

3 

3 

Tota l  Surface Area cm /gm 

--- 
3.60 lo3 2 

10 6.4 x 10 
6 1.9 x 10 

cc- 

3 5.5 x 10 

Lower S ta t ion  - -, Run 2 

1.76 1.24 

--- --- 
5 8.3 x l o 5  7.0 x 10 

1.6 x l o3  0,7 x 10  3 

‘a)The quant i ty  of ClF3 in j ec t ed  i n t o  t h e  l i q u i d  N2 was 0.968 gm, quant i ty  
ca lcu la ted  from t h e  measured pressure  drop i n  t h e  C1F3 holding tank. 

While t h e  r e s u l t s  of t h i s  experiment have not  been r igorously 

analyzed, devia t ion  from t h e  mean of any ca lcu la ted  r e s u l t s  based on t h e  

measurements taken from one. s t a t i o n  is  not more than 33%. 

can be conservat ively concluded t h a t  t h e  measurements are probably reproducible  

Consequently, i t  

t o  wi th in  c + 50%. 
the re  i s  no evidence of ClF3 p a r t i c l e  growth a t  t h e  NBP of l i q u i d  N2. 

of p a r t i e l e  growth ind ica t e s  t h a t  t h e  g e l  promises s t a b i l i t y  when s tored .  

I n  addi t ion ,  i t  is concluded t h a t ,  over a 2-1/2 hour period, 

This l ack  

The maximum reso lu t ion  of t h e  l i g h t  ex t inc t ion  measurement 

apparatus is  approximately 0.5 micron. 

less than l m i c r o n  i n  diameter can be estimated from t h e  d i f f e rence  between t h e  

However, t h e  t o t a l  quant i ty  of p a r t i c l e s  

t ransmit tance of t h e  d ispers ion  a t  t h e  terminat iQn of t h e  run  and t h e  t rans-  

miseion occurring through neat l i q u i d  N2 which w a s  measured p r i o r  t o  t h e  run. 
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I f  varying experimental condi t ions had any measurable e f f e c t  on p a r t i c l e  s ize ,  
t h e r e  should b e  a s i g n i f i c a n t  change i n  t h e  r a t i o  (number of p a r t i c l e s  of C1F3 

less than lmicron/number of p a r t i c l e s  of C1F3 g r e a t e r  than 1 micron). 

change i n  r a t i o  should be  g r e a t e s t  af t h e  upper s t a t i o n  where t h e  p a r t i c l e  

dens i ty  was lowest per u n i t  volume thereby reducing t h e  e f f e c t  of p a r t i c l e  

aggregation. Consequently, t h e  necessary ca l cu la t ions  were done f o r  a l l  upper 

s t a t i o n  measurements t o  estimate t h e  number of p a r t i c l e s  present  less than 

1 micron i n  diameter. 

Appendix I. 

C1F 

calculated.  

during t h e  p a r t i c l e  s i z e  measuring work: 

This 

The ca l cu la t ion  technique used is  f u l l y  discussed i n  

Using t h e  r e s u l t  obtained above, t h e  r a t i o  (number of p a r t i c l e s  of 

less than 1 micron/number of p a r t i c l e s  of C1F3 g r e a t e r  than 1 micron) was 3 
This r a t i o  was then p lo t t ed  aga ins t  t h e  th ree  va r i ab le s  inves t iga ted  

(I) composition of i n j ec t ed  gas;  

(2) i n j e c t i o n  rate; and (3) concentrat ion of s o l i d  C1P3 i n  t h e  suspension. 

These p l o t s  are presented i n  Figures 8,  9, and 10, respec t ive ly .  These p l a t s  

show t h a t ,  over t h e  range of condi t ions s tud ied ,  t hese  va r i ab le s  have no mea- 

su rab le  e f f e c t  on t h e  s i z e  of t h e  particles prepared. 

This l ack  of measurable e f f e c t  on p a r t i c l e  s i z e  when t h e  composi- 

t i o n  of t h e  in j ec t ed  gas and i n j e c t i o n  ra te  are var ied  provides some i n s i g h t  

i n t o  t h e  mechanism of p a r t i c l e  formation. If t h e  p a r t i c l e s  of C1F3 were formed 

e n t i r e l y  wi th in  t h e  bubbles of helium as they pass through t h e  l i q u i d  N2, t h e  

s i z e  of t h e  p a r t i c l e s  should increase  with increasing C1F3 concentrat ion and be 

independent of i n j e c t i o n  rate because bubble s i z e  is pr imari ly  determined by 

t h e  su r face  tens ion  of t h e  l i q u i d  N2 and, thus ,  would be  independent of t h e  ra te  

of i n j ec t ion .  

bubble, t h e  s i z e  of t h e  p a r t i c l e  should increase. 
Consequently, as t h e  Concentration of ClF3 increased within the  
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However, i f  t h e  p a r t i c l e s  were formed e n t i r e l y  wi th in  t h e  

l i q u i d  N2, p a r t i c l e  s i z e  should increase  with increasing i n j e c t i o n  rates i f  

concentrat ion is held constant  because increasing i n j e c t i o n  rate would increase  

t h e  c o n c e n t r a t i w  of C1F3 i n  t h e  l i q v i d  N2 i f  p a r t i c l e  formation occurred 

ex te rna l  t o  t h e  helium bubble. 

of t he  C1F 

pos i t i on  of i n j ec t ed  gas  over t h e  range of condi t ions inves t iga ted ,  This l ack  

of measurable e f f e c t  on p a r t i c l e  s i z e  when fhe  compositian of t h e  in jec ted  gas  

and i n j e c t i o n  rate are var ied  ind ica t e s  t h a t  p a r t i c l e  formation is probably 

occurring both wi th in  the  helium bubble and i n  t h e  l i q u i d  N2. 

Figure 11 i l l u s t r a t e s  t h a t  t h e  particle size 
p a r t i c l e s  prepared is independent of both i n j e c t i o n  rate and com- 

3 

The following conclusions are drawn from t h e  r e s u l t s  of t h e  

p a r t i c l e  s i z e  measurements: 

aggregates of much smaller p a r t i c l e s ;  (2) no measurable p a r t i c l e  growth w a s  
observed over a 2-1/2 hour period at, t h e  NBP of l i q u i d  N2; and (3) over t h e  

ranee of condi t ions inves t iga ted ,  no measurable e f f e c t  w a s  observed on t h e  s i z e  

of t h e  p a r t i c l e s  prepared, i nd ica t e s  p a r t i c l e  formation occurs wi th in  t h e  

helium bubbles 

(1) t h e  p a r t i c l e s  measured are, i n  a l l  probabi l i ty ,  

i n  t h e  l i q u i d  N2, 

d. Development of a Technique f o r  Measuring t h e  
Engineering Proper t ies  of Cryogenic G e l s  

(1) S t a t i c  Proper t ies  

The two commonly measured static proper t ies  of a ge l l ed  system 

are y i e l d  stress and mechanical s t a b i l i t y .  

t h e  degree of s t r u c t u r e  possessed by a g e l  when a t  rest, 
measurements are used t o  determine whether t h e  s o l i d  suspended i n  a ge l l ed  

propel lan t  settles during s to rage  and/or i f  a n  exudate forms. A t  t h i s  s t a g e  

i n  t h e  propel lan t  development, only t h e  degree o f  s t r u c t u r e  possessed by t h e  

g e l  is of i n t e r e s t ,  

Yield stress is a measurement of 

Mechanical s t a b i l i t y  
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The d iscuss ion  of t h e  measurement of s t a t i c  proper t ies  of g e l s  

presented i n  Sect ion I I I , l ,c , ( l ) ,  had shown t h a t  only Rotoviscometers and cone 

penetrometers had been used successfu l ly  t o  assess t h e  degree of s t r u c t u r e  

possessed by a cryogenic g e l .  

t h e  Rising Sphere Rheometer t o  measure and assess t h e  s t r u c t u r e  of p a r t i c u l a t e  

cryogenic g e l s  w a s  discussed. 

t h a t  t h e  measurement of s t r u c t u r e  with a Rising Sphere Rheometer includes a 

shear rate component. Consequently, no meaningful r e s u l t  is  obtained because 

cryogenic g e l s  shear  t h i n  with extreme r a p i d i t y .  

I n  addi t ion ,  t h e  reasons f o r  t h e  f a i l u r e  of 

The most l i k e l y  cause w a s  a t t r i b u t e d  t o  t h e  f a c t  

I n i t i a l l y  a steel  b a l l  w a s  slowly lowered i n t o  t h e  g e l ,  i f  t h e  

b a l l  w a s  supported by t h e  g e l ,  t he  degree of s t r u c t u r e  ( ca l l ed  s t r u c t u r e  index, 

reported i n  u n i t s  of dynes/cm ) w a s  ca lcu la ted  from t h e  known mass and projected 

su r face  area of t h e  steel b a l l .  I f  t h e  b a l l  w a s  not  supported on t h e  sur face  of 

t he  g e l ,  add i t iona l  n i t rogen  w a s  allowed t o  evaporate and t h e  degree of s t r u c t u r e  

again measured. 

support t h e  steel b a l l .  

under t h e  heading remarks i n  Table I. 

2 

This w a s  repeated u n t i l  t h e  g e l  possessed enough s t r u c t u r e  t o  

The r e s u l t s  obtained with t h i s  technique are presented 

A s  t he  work proceeded, a more p rec i se  method of assess ing  

s t r u c t u r e  was developed. 

ing varying amounts of mercury t o  provide a range of weights w e r e  fabr ica ted .  

A l l  t he  spheres were heavy enough t o  s ink  beneath t h e  su r face  of t h e  neat  l i q u i d  

but  some of them w e r e  l i g h t  enough t o  be  supported by t h e  su r face  of t h e  ge l l ed  

l i q u i d ,  

s u i t e d  f o r  work with extremely reactive cryogenic propel lan ts  such as OF 

because manipulation of t h e  propel lan t  is  held t o  a minimum. 

which can be supported by t h e  su r face  of t h e  g e l  and t h e  projected area of t h e  

sphere are used t o  c a l c u l a t e  t h e  maximum f o r c e  per  u n i t  area t h a t  can be 

supported by t h e  surface.  

t he  s t r u c t u r e  index. 

absolu te  measurement of g e l  s t ruc tu re .  

exce l len t  measure of g e l  s t r u c t u r e  and show changes i n  t h e  quant i ty  of g e l  s t ruc -  

t u r e  wi th  changing g e l l i n g  agent concentration. 

A series of g l a s s  spheres of constant  diameter contain- 

This technique f o r  measuring t h e  degree of s t r u c t u r e  w a s  p a r t i c u l a r l y  

2’ 
The maximum weight 

The va lue  obtained i n  t h i s  manner is re fe r r ed  t o  as 

It must be noted t h a t  t h i s  technique does not  provide a n  

However, t h e  va lues  obtained are an  
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I n  Pxperirnent 25, t h e  s t r u c t u r e  index of ge l l ed  l i q u i d  N2 a t  
var ious ge l l i ng  agent (C1F3) concentrat ions was measured. 

parameters and xesulGs of t h i s  experiment are presented i n  Table V I I .  

shows t h e  change i n  structure index with changing g e l l i n g  agent  concentration. 

The rap id  change i n  s t r u c t u r e  observed with s m a l l  changes i n  concentrat ion i s  

t y p i c a l  of p a r t i c u l a t e  g e l s .  

The experimental 

Figure 1 2  

It w a s  conclrrded from t h e  r e s u l t s  pf t h e  experiment t h a t  a 

workable technique f o r  assess ing  the  degree of s t r u c t u r e  o f  cryogenic p a r t i c u l a t e  

g e l s  had been developed. 

of s t r u c t u r e  of t h e  OF2 g e l s  which were prepared. 

This w a s  t h e  technique used f o r  assess ing  t h e  degree 

While t h e  procedure described above was s a t i s f a c t o r y ,  it 

presented se r ious  manipulation problems when used with r eac t ive ,  a i r  s e n s i t i v e ,  

t ox ic  propel lan ts .  

w a s  poss ib le  t o  measure or es t imate  t h e  s t r u c t u r e  index by use of a n  a l t e r n a t i v e  

procedure. 

Consequently, work was conducted t o  determine whether i t  

The r e s u l t s  of t h e  experimental work are reported below (Experiment 

60) 

It is t h e o r e t i c a l l y  poss ib le  t o  estimate t h e  s t r u c t u r e  index 

of a g e l  by ex t rapola t ing  t h e  r e s u l t s  of a series of flow measurements t o  a zero 

flow condition. 

of shear stress aga ins t  f l u i d i t y  ( t h e  r ec ip roca l  of v i s c o s i t y ) .  

series of Freon-113 g e l s  (ge l l ing  agent Cab-0-Si1 H-5) w e r e  prepared and t h e  

s t r u c t u r e  index and flow p rope r t i e s  measured. The technique f o r  flowing t h e  

g e l s  and t h e  flow viscometer used was e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  used with 

t h e  cryogenic ge l s .  

viscometer, 

are presented i n  Table V I I I .  

This ex t rapola t ion  can be  accomplished by p l o t t i n g  t h e  logarithm 

Therefore, a 

See Sect ion IIXy2,d,(2) f o r  a d iscuss ion  of t h e  flow 

The results of t h e  flow measurements conducted with these  g e l s  

The r e s u l t s  obtained are a l s o  presented as a 
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TABLE V I 1  

EXPERIMENT 15--PREPARATIQN OF FINE PARTICLES QF CHLORINE TRIF'LUORIDE 

Interhalogen and P i l u e n t  

D i lu t ion  

vo1 of gas 
v o l  of g e l l i n g  agent 

I n j e c t i o n  Flow 
3 Rate, (cm /sec, STP) 

v e l o c i t y ,  (cm/sec) 
Reynolds No. 

wt % CLJJ 

7.8 
10.5 
11.9 
15.5 

ClF3 and He 

36.9 

STRUCTURE INDEX OF GELLED L I Q U I D  
NITROGEN AT VARIOUS ClF3 CONCENTMTIONS 

550 

39 1) 8QQ 
18 l o 4  

v o l  % C1F3 

2.6 
3.6 
4.2 
4 . 6  

S t r u c t u r e  Index, 
(dynes/cm2) , 

mean 

<500 
700 
1200 
1700 
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RAP 8 V  
D p l o t  of versue - i n  Figuxs? 13; t h i s  mode of presenta t ion  is re fe r r ed  t o  

as t h e  "Charac te r i s t ic  Flow Curve." The r e s u l t s  are a l s o  presented i n  a p l o t  

of - DAp versus f l u i d i t y  i n  Figure 14,  Theore t ica l ly ,  an ex t rapola t ion  of the 4L 
r e s u l t s  of t h i s  p l o t  t o  zera f l u i d i t y  should permit an  est imat ion of t h e  

s t r u c t u r e  index of t h e  g e l  t o  be  made. 

t h e  measured s t r u c t u r e  index are presented i n  Table I X .  

c l e a r l y  shows t h a t  t h e  ex t rapola t ion  does not y i e l d  use fu l  information. 

The r e s u l t s  of t h i s  ex t rapola t ion  and 

Inspect ion o f  Table I X  

I n  addi t ion ,  t h e  pressure  required t o  i n i t i a t e  t h e  flow of 

g e l s  of var ious  thickness  was measured. 

presented i n  Table X. 

The r e s u l t s  o f  t h i s  measurement are 

These fest r e s u l t s  demonstrate t h a t  t h e  proper t ies  of a 
p a r t i c u l a t e  g e l  under s ta t ic  condi t ions are e n t i r e l y  d i f f e r e n t  from t h e  g e l  

proper t ies  when t h e  g e l  is being flowed. Consequently, any measurement of 

s t ruc tu re ,  i f  i t  is  t o  provide r e l i a b l e  da t a ,  must not impose a shear rate 

upor). t h e  g e l  and $he technique used i n  t h i s  program is most l i k e l y  t o  measure 

t h e  degree of s t r u c t u r e  possessed by a p a r t i c u l a t e  g e l  r e l i a b l y .  

s a t i s f a c t o r y  technique awaits development. 

A Completely 

The rewlts of t h e  measurement of pressure  required t o  i n i t i a t e  

flow i n  p a r t i c u l a t e  g e l s  of varying s t r u c t u r e  show t h a t  small app l i ca t ions  of 

pressure w i l l  s t a r t  flow, 

(2) Flow Proper t ios  

The review of t h e  measurement of flow proper t ies ,  reported i n  

Sect ion I I I , l , c , ( 2 ) ,  had shown t h a t  t h e  measurement of t h e  flow proper t ies  of 

cryogenic propel lan ts  ge l l ed  wi th  p a r t i c u l a t e  agents  had been accomplished with 
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TABLE IX 

COMPARISON OF MEASURED STRUCTURE INDEX AND 
STRUCTURE INDEX ESTIMATED FROM FLOW PROPERTIES* 

Measured Structure Index, 
dynes / cm2 

Estimated Structure Index, 
dynes / cm2 

700 29 

1900 42 
4000 1 

*Freon-113 gelled with Cab-0-Si1 H-5 

TABLE X 

PRESSURE REQUIRED TO START FLOW OF 
FREON-113 GELLED WITH CAB-0-SIL H-5 

Structure Index, 
dynes / cm2 

700 

1900 
4000 

Pressure Required 
to Start Flow, 

psi 

0.01 
0.86 
2.64 
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1x1, 2, Task VII--Development of Techniques t o  G e l  Oxygen Dif luor ide  
and t o  Measure Engineering Proper t ies  of t h e  Gel (cont , )  

r o t a t i o n a l  viscometers. 

viscometers had not been successful .  

reported with t h e  use of flow viscometers with cryogenic g e l s ,  it was decided 

t o  develop a flow viscometer t o  measure t h e  proper t ies  of ge l l ed  OF 

reasons f o r  t h i s  dec is ion  were: 
instrument t h a t  produces information d i r e c t l y  r e l a t e d  t o  t h e  behavior of t h e  g e l  

under flow condi t ions;  (2) techniques have been developed which permit t h e  

u t i l i z a t i o n  of t h e  information provided by a flow viscometer i n  preliminary 

Attempts t o  measure flow proper t ies  with flow 

However, i n  s p i t e  of t h e  d i f f i c u l t i e s  

The 2 "  
(1) flow-type viscometers are t h e  only 

system design work; and (3) during t h e  course of measurements with a flow 

viscometer, information can be  obtained regarding t h e  coring and f h e  hangup 

behavior of t h e  ge l .  

Two parameters are measured during a n  experiment with a flow 

viscometer,  i .e . ,  t h e  AP across  t h e  tubing and t h e  flow rate, These two 

versus E, where D is t h e  diameter parameters are p lo t t ed  i n  t h e  form of - 
of t h e  tubing, L is t h e  e f f e c t i v e  length  of t h e  tubing, and V is  t h e  v e l o c i t y  

a t  which t h e  g e l  is  t r ans fe r r ed  through t h e  tubing. 

I) 4L 

This ve loc i ty  is ca lcu la ted  

from t h e  measured flow rate. The term 
s t r e e s ,  and t h e  term $ i s  r e fe r r ed  t o  as t h e  shear  rate. The r a t i o  of shear 

stress divided by t h e  shear  rate is t h e  v i s c o s i t y  of t h e  f l u i d  a t  t h a t  p a r t i c u l a r  

shear rate. 

is commonly r e f e r r e d  t o  as t h e  shear 

8V versus DAP The p l o t  of t h e  4~ produces a curve which is  

r e fe r r ed  t o  as t h e  "cha rac t e r i s t i c  flow curve" f o r  t h e  f l u i d  being t e s t ed .  

example of such a curve f o r  Alumizine, a suspension of Aluminum i n  ge l l ed  

hydrazine i s  given i n  Figure 15, 
t h e  laminar flow region; t h e  branches from t h e  laminar flow curve occur as t h e  

mode of flow beccmes turbulen t .  

drop is  incurred during the tu rbulen t  mode of flow than during t h e  laminar mode 

f o r  t h e  t r a n s f e r  of material a t  equivalent  flow rates. 

An 

The p r inc ipa l  curve i n  Figure I5 represents  

This curve demonstrates t h a t  a g r e a t e r  pressure 
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111, 2, Task VII-Development of Techniques t o  G e l  Oxygen Dif luor ide  
and t o  Measure Engineering Proper t ies  of t h e  G e l  (cont.) 

This method of d a t a  presenta t ion ,  t h e  c h a r a c t e r i s t i c  flow 

curve, is use fu l  i n  t h a t  i t  provides d a t a  necessary f o r  t h e  design of prototype 

hardware systems using t h e  l i q u i d  o r  g e l  of i n t e r e s t .  

reg ion  of laminar flow, i f  t h e  flow rate and t h e  diameter and length  of t h e  p ipe  

are known, t h e  pressure  drop which w i l l  occur can b e  determined from t h e  curve. 

O r ,  by s e l e c t i o n  of a pressure  drop va lue  f o r  a length  of p ipe  and flow rate, 

the  required diameter of p ipe  can be  calculated.  

provides t h e  v i s c o s i t y  value of t h e  l i q u i d  over a range of shear rates, t h e  

For example, i n  t h e  

Further ,  because t h e  curve 

Reynolds number can be ca lcu la ted  f o r  t h e  l i q u i d  a t  var ious  flow condi t ions.  

Experimentally, t h e  turbulen t  mode of flow can be  determined by increasing t h e  

flow rate u n t i l  t h e  d a t a  d isp lay  a sharp branching from t h e  smooth laminar curve,  

I f  t h e  flow measurements are repeated with another  s i z e  of tubing and t h e  flow 

rate is  again increased u n t i l  t h e  turbulen t  mode is  reached, t h e  poin t  a t  which 

t h e  t r a n s i t i o n  from laminar t o  turbulen t  flow occurs can be  ca lcu la ted  from t h e  

da t a  f o r  any s i z e  piping and flow rate. 

represented by t h e  branches from t h e  laminar flow curve can be used f o r  system 

design i n  t h e  same manner as t h e  d a t a  a v a i l a b l e  i n  laminar region. 

The turbulen t  flow proper t ies  as 

Before designing t h e  flow viscometer, t h e  research  by Union 

Carbide on t h e  rehologica l  proper t ies  of f l u i d  hydrogen s lush  (Reference 15) 

and t h e  r ecen t ly  published comments from t h e  Cryogenics Division of PlBS were 

reviewed with regard t o  f lowab i l i t y  through c a p i l l a r i e s  and t r a n s f e r  l i n e s .  

Union Carbide experiments, which are reported as q u a l i t a t i v e ,  w e r e  based on t h e  

flow rate through 0.236-in. I D  tubing. 

of 30 t o  50% s lush  is approximately t h e  same as t h a t  of l i q u i d  hydrogen. 

NBS researchers  have reported t r ans fe r r ing  s lush  hydrogen through 75 f t  of 

3/4-in. pipe using pressures  of 1 4  t o  15 p s i  successfu l ly .  

t i o n  supplements t h e  f ind ings  a t  Aerojet  regarding flow and v i s c o s i t y  of g e l s  

prepared with t h e  p a r t i c u l a t e  type of g e l l i n g  agents  (e.g., carbon black and 

c o l l o i d a l  si l ica).  

sheared by p res su r i za t ion  through a l i n e ,  t h e  rate of flow approximates t h a t  

of nea t  l i q u i d  alone. 

The 

The r e s u l t s  showed t h a t  t h e  v i s c o s i t y  

The 

The above informa- 

The experience has  been t h a t ,  when t h e  p a r t i c u l a t e  g e l  is 
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111, 2, Task VII--Development of Techniques to G e l  Oxygen Difluoride 
and to Measure Engineering Properties of the G e l  (cont.) 

In the experiments conducted to this point in the program 
with gels of.ClF 
indicated that, under shearing conditions, the flow rate and apparent viscosity 
will approximate that of the ungelled liquid (either liquid N2 or liquid OF2). 
In the case of liquid OF2 thermostated by using liquid N2 or liquid 02, the 
viscosities are 0.010 poise (-196OC) and 0.007 poise (-183OC), respectively 
(Reference 16). 
having a viscosity of 0.009 poise. 
macro-scale flow measurement device was based on handling a fluid such as water 
to yield precise data on volumes transferred over accurately measured times by 
the low pressures of 1 to 10 psig. The pressures available are limited by the 
experimental apparatus and safety considerations in the laboratory. 
a 6 to 9 feet straight section of 1/4-in. stainless-steel tubing would serve for 
obtaining accurate flow measurements. However, this is not practical because 
of the experimental setup and the required temperatures. As a consequence, it 
was planned to use 6 to 8 feet of tubing in the form of a coiled section that 
will fit inside the Pyrex test vessel and be immersed in the gel. 

particles in liquid nitrogen, the behavior in handling 3 

This OF2 fluidity is approximated by water (at room temperature) 
Consequently, the design criteria for a 

Ideally, 

The approach using a coiled section of tubing immersed in the 
test gel will eliminate temperature changes in the gel flowing through the 
tubing as long as the tubing remains beneath the surface level of the gel being 
tested. Temperature-conditioned helium will be used to provide the pressuriza- 
tion. Because flow in bends and coils encounters an additional resistance over 
that in straight sections, the equivalent length of the cylindrical coiled 
section will be calculated using the conventional relationships (Reference 17) . 
The equivalent length used with a coiled section yields flow data that agree 
with flow in a corresponding length of straight section. 

Page 57 



Beport 1038-02s 

111, 2, Task VII-Development of Techniques t o  G e l  Oxygen Dif luoride 
and t o  Measure Engineering Proper t ies  of t h e  G e l  (cont.) 

Because flaw i n  bends and c o i l s  encounters an  add i t iona l  

resistance over t h a t  i n  s t r a i g h t  s ec t ions ,  i t  w a s  necessary t o  c a l c u l a t e  t h e  

equivalent length of t h e  c o i l s .  

t h a t  would o f f e r  a r e s i s t ance  t o  flow equal t o  the  r e s i s t ance  observed i n  the  

c o i l ,  

the  flow ve loc i ty ,  i.e., changing shear  rate. 

I n  o the r  words, t he  length  of s t r a i g h t  tubing 

This addi t iona l  resistance caused by the  bends i n  t h e  c o i l  changes wi th  

The equivalent  length at  various shear  rates of t he  flow co i l s  
fabr ica ted  during t h e  course of t h i s  program was determined i n  t h e  following 

manner, 
flowed a t  var ious pressures  through the  c o i l  and t h e  volume of flow as a func t ion  

of time measured at  each pressure.  

calculated from t h e  r e l a t ionsh ip  x, dynes/cm , shear stress divided by D, 
sec-' shear rate which is equal t o  v i scos i ty .  The un i t  f o r  v i s c o s i t y  

poiee, D is  tube diameter (cm), AP is pressure drop (dynes/cm ), L is equivalent  

tube lengfh ( c m ) ,  and V is flow ve loc i ty  (cm/sec). 

f o r  equivalent  length,  L the  expression is  

A so lu t ion  of g lycero l  and water, v i scos i ty  0.140 poise  a t  21"C, w a s  

The e f f e c t i v e  length of t he  c o i l  was  then 
2 8V 

4L 
(n) is 

2 

Solving t h i s  r e l a t ionsh ip  

L e -  D ~ A P  
32qV 

The ca lcu la ted  equivalent  lengths were then p lo t t ed  versus  

It was  then poss ib le  t o  determine the  equivalent  length of t he  
8V 

shear rate. 
c o i l  f o r  any flow rate, e.g., shear  rate. The shear  rate, D, sec-' could be 

ca lcu la ted  from t h e  measured da ta  obtained i n  a flow experiment (flow volume 

and flow t i m e ;  tubing diameter being already known). 

shear race, the  p l o t  could be entered and the  equivalent  length of t h e  c o i l  could 

be determined. Then t h e  shear  stress appl ied t o  the  g e l  could be  ca lcu la ted  

from t h e  expression E, dynes/cm . 
shear rate, the  apparent v i s c o s i t y  of t h e  g e l  under these  p a r t i c u l a r  flow 

condi t ions would then be ca lcu la ted  as v i scos i ty  is t h e  shear  stress divided by 

the  shear rate. 

Using the  va lue  f o r  t h e  

2 Knowing both t h e  shear  stress and t h e  4L 
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111, 2, Task VII--Development of Techniques t o  G e l  Oxygen Dif luor ide  
and t o  Measure Engineering Proper t ies  of t h e  G e l  (cont.) 

The results obtained during t h e  c a l i b r a t i o n  of one of t h e  flow 

c o i l s  used during t h i s  program is  presented i n  Table X I  and t h e  p l o t  o f  

equivalent  length  versus  shear  rate derived from t h e  c a l i b r a t i o n  r e s u l t s  is 

shown i n  Figure 16. 

The f i n a l  viscometer developed f o r  measurement of t h e  flow 

proper t ies  of l i q u i d s  ge l l ed  with s o l i d  C1F3 consis ted of 3/8-in. d i a  copper 

tubing co i led  t o  f i t  i n s i d e  t h e  Pyrex g e l l i n g  vessel. 
approximately 4 in .  and t h e  t o t a l  l ength  of tubing including t h e  s t r a i g h t  i n l e t  

and o u t l e t  por t ions  is  70.7 i n .  

the  beginning of t h e  flow measurement. 

inverted-J with t h e  entrance near t h e  bottom of t h e  Pyrex vesse l .  

t ioning of t h e  entrance allows u t i l i z a t i o n  of a major por t ion  of t h e  g e l  f o r  t h e  

measurement and is intended t o  minimize any coring which might occur. 

mately 1 in .  above t h e  entrance a s m a l l  vert ical  tube is i n s t a l l e d  t o  permit 

i n j e c t i o n  of helium i n t o  t h e  copper tubing. The helium is cooled by passing 

through t h e  1/8 in .  tubing c o i l  above t h e  copper c o i l  which is  a l s o  immersed i n  

t h e  ge l .  

tubing and eliminates t h e  need f o r  a valve i n  t h e  flow system. 

The d i a  of t h e  c o i l  is 

The c o i l  is immersed i n  t h e  ge l l ed  l i qu id  a t  

The i n l e t  s e c t i o n  is i n  t h e  form of an  

This posi- 

Approxi- 

The i n j e c t i o n  of helium prevents t h e  l i q u i d  from flowing through t h e  

The inverted-J s ec t ion  of tubing is followed by t h e  co i led  

sec t ion  and t h e  co i led  s e c t i o n  i s  followed by t h e  s t r a i g h t  o u t l e t  sect ion.  

Figure 1 7  shows t h e  flow tube and helium c o i l .  The o u t l e t  s ec t ion  extends 

through t h e  bottom of t h e  Pyrex vessel by means of a ball-socket j o i n t  (glass/  

s t a i n l e s s  s t e e l ) .  

t i o n  tube. The exit of t h e  tubing is immersed i n  a ba th  of l i q u i d  N2. 

passage through t h e  copper tubing, t h e  g e l  is discharged i n t o  t h e  l i q u i d  N2 bath. 

The e f f l u e n t  w i l l  raise t h e  level of t h e  l i q u i d  N2  ba th  immediately ex te rna l  

t o  t h e  Pyrex g e l l i n g  vessel, and t h e  volume of t h e  e f f l u e n t  I s  determined 

quan t i t a t ive ly  by measuring t h i s  change i n  level. 

apparatus ,  

Figure 18 shows t h e  assembled apparatus including t h e  in jec-  

After  

Figure 19 shows t h e  assembled 

The box-like s t r u c t u r e  surrounding it is a moisture  sh ie ld .  
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Fignre 18. Cryogenic Cef Flow Viscometer 
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111, 2,  Task VII--Development of Techniques t o  G e l  Oxygen Dif luor ide  
and t o  Measure Engineering P rope r t i e s  of t h e  G e l  (cont.) 

The measurement of t h e  flow p rope r t i e s  w a s  accomplished i n  

2 t h e  following manner. During preparat ion of t h e  g e l ,  helium a t  l i q u i d  N 
temperatures, w a s  i n j e c t e d  through t h e  s m a l l  tube i n t o  t h e  copper tubing t o  

prevent g e l  from enter ing t h e  flow-coil. 

flow w a s  stopped, and t h e  Pyrex g e l l i n g  vessel w a s  pressurized t o  a preselected 

value,  flow began, and t h e  volume of flow w a s  recorded as a func t ion  of time. 

Flow w a s  stopped a t  w i l l  by r e l eas ing  t h e  pressure on t h e  g e l l i n g  vessel and 

i n j e c t i n g  helium i n t o  t h e  copper tubing. 

follows . 

After  the g e l  w a s  prepared, t h e  helium 

The r e s u l t s  of t h e  flow experiments 

(a) Measurement of t h e  Flow Prope r t i e s  of Gelled 
Liquid N2 - Gelling Agent C1F3 P a r t i c l e s  

I n  a l l  experiments t h e  i n j e c t i o n  tube o r i f i c e  w a s  located 

3 approximately 6 i n .  below t h e  l i q u i d  N2 su r face  and t h e  d i l u t i o n  of t h e  C1F 

with helium ranged from 30 t o  46 volumes of helium t o  1 volume of C1F 

The i n j e c t i o n  rate var ied  from 784 t o  1835 cc (STP)/sec. 

28, and 29, a f t e r  t h e  C1F p a r t i c l e s  were prepared i n  l i q u i d  N a por t ion  of 

t h e  l i q u i d  N w a s  allowed t o  evaporate t o  form a g e l  of t h e  des i r ed  consistency. 2 
I n  t h e  later experiments, g e l s  of t h e  des i r ed  consistency w e r e  prepared d i r e c t l y  

without removal of excess l i q u i d  N a f t e r  i n j e c t i o n  w a s  cDmpleted. The f a c t  t h a t  

t h e  g e l s  can be prepared d i r e c t l y  a t  t h e  des i r ed  concentrat ion without a n  

intermediate  evaporation s t e p  is  s i g n i f i c a n t  because one s t e p  is  eliminated from 

t h e  p repa ra t ive  procedure. The s p e c i f i c  d e t a i l s  of each experiment are discussed 

vapor. 3 
I n  Experiments 27, 

3 2’ 

2 

below. The s t r u c t u r e  index of t h e  g e l s  w a s  not  measured i n  t h i s  series of 

experiments. 

i n  t h e  program. 

var ious C1F g e l l i n g  agent concentrations.  

The values  given w e r e  estimated from t h e  measurements made earlier 

See Figure 1 2  f o r  t h e  s t r u c t u r e  index of g e l l e d  l i q u i d  N a t  2 

3 
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and to Measure Engineering Properties of the Gel [cant.] 

Experiment 37 

A liquid N2 gel containing 2.85 volume percent (8.9 wtX) 
ClF3 particles was prepared. 
would have a structure index of approximately 400 dynes/cm2. 
remained constant during the course of the measurement. During flow, no 
appreciable hang up of the gel on the vessel walls was observed, 
of gel flowed was 1127 cc in 32.4 sec at a Ap of 1.75 psi. 
experiment are presented in Table XII. 

Based on previous experimental work, this gel 
The flow rate 

The quantity 
The results of this 

Experiment 38 

A liquid N2 gel containing 4.75 volume percent (13.45 wt%) 

The flow rate 
ClF3 particles was prepared. 
gel would have a structure index of approximately 1400 dynes/cm2. 
remained constant during the course of the measurement. During flow, no 
appreciable hang up of the gel on the vessel walls was observed, 
of gel flowed was 1127cc in 43.4 sec at a Ap of 1.25 psi. 
experiment are presented in Table XIII. 

On the basis of previous experimental work, this 

The quantity 
The results of this 

Exp er irnent 39 

A liquid N2 gel oontaining 5.28 volume percent 
(14.8 wtX) ClF3 was prepared. 
gel would have a structure index of approximately 1650 dynes/cm2, 
only slight hang up of the gel on the vessel wall was observed. 

On the basis of previous experimental work, this 
DurPng flow, 

The sequence of 

Initial f l o w  was 334 cc in 11.5 sec at a Ap of 1.57 psi. 

Flow was then stopped and the system held at rest for 
5 minutes. 

The gel was pressurized to 3.05 psi and 320 cc of gel 
flowed in 2.1 sec. 

Flow was then stopped and the system held at rest for 
5 minutes. 

The gel was pressurized to 0.75 psi and 69 cc for gel 
flowed in 78.9 sec. 

The pressure was increased to 1.59 psi and 174 cc of 
gel flowed in 13.4 sec. 
was 897 CC. 

The total volume of gel flowed 
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TABLE X I 1  

EXPERIMENT 37--FLOW CHARACTERISTICS OF GELLED L I Q U I D  NITROGEN - 
GELLING AGENT C1F3 

Concentration of Gel l ing  Agent 2.85 v o l  percent  

Shear 

DAP 
Shear Stress A 

- Flow Parameters Rate P res su re  , 
- -1 4L v i s c o s i t y ,  r, sec dynes / cm2 p o i s e  

dynes /cm2 R a t e ,  Veloc i ty ,  Reynolds 
x 10-4 psi cm3jsec cm/sec No. 

12.06 1.75 90.9 190.2 4000 1949 59 0.03 
Ungelled l i q u i d  N2 0.0016 

TABLE X I 1 1  

EXPERIMENT 38--FLOW CHARACTERISTICS OF GELLED L I Q U I D  NITROGEN - 
GELLING AGENT ClF3 

Concentration of Gel l ing  Agent 4.75 v o l  percent  

Shear 

DAP 
Shear Stress A 

- Pressure' Flow Parameters R a t e  
dynes / cm 2 Rate, Veloc i ty ,  Reynolds - 8 V  -1 4L Viscos i ty ,  
x 10-4 psi cm3/sec cm/sec No. D 9 dynes / cm2 p o i s e  

8.62 1.25 26.0 54.3 280 55 7 68.9 0.124 
Ungelled l i q u i d  N2 0.0016 

TABLE X I V  

EXPERIMENT 39--FLOW CHARACTERISTICS OF GELLED L I Q U I D  NITROGEN - 
GELLING AGENT ClF3 

Concentration of Gel l ing  Agent 5.28 v o l  percent  

A 

dynes 1 cm2 
Run x pSi 

Pressure  , 

- 
1 10.82 1.57 
2 20.97 3.04 
3 5.20 0.75 
4 11.09 1.59 

Ungelled l i q u i d  N2 

Shear 
Flow Parameters R a t e  
R a t e ,  Veloci ty ,  Reynolds - 8V -1 

D 9 cm3/sec cm/sec No 

29 60.7 315 623 
152 318 9700 3261 

13.0 27.2 53 279 
0.87 1.82 0.3 18.7 

Shear 
S t r e s s  
DAP - 

4L Viscos i ty ,  
dynes / cm2 p o i s e  

83.8 0.135 
80.2 0.023 
74.1 3.97 

100 0.36 
0 a 0016 
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111, 2, Task VII-Development of Techniques t o  G e l  Oxygen Dif luor ide  
and t o  Measure Engineering Proper t ies  of t h e  G e l  (cont.) 

The r e s u l t s  of t h i s  experiment are presented i n  Table X I V  
8 V  
D versus  - i n  and t h e  r e s u l t s  obtained are a l s o  presented as a p l o t  of 

Figure 20; t h i s  mode of presenta t ion  is re fe r r ed  t o  as t h e  "Charac te r i s t ic  Flow 
Curve. " 

Experiment 28 

A l i q u i d  N2 g e l  containing 2.24 volume percent ClF3 
(6.7 w t % ) ,  s t r u c t u r e  index less than 500 dynes/cm2, p a r t i c l e s  w a s  prepared. 
d a t a  were obtained and t h e  r e s u l t s  are presented i n  Table XV. 
monitoring device d id  not  func t ion  properly,  t h e  time of flow can only be con- 
s idered  approximate. 
an order  of magnitude. 

Flow 
As t h e  level- 

Therefore,  t h e  v i s c o s i t y  values  are co r rec t  only t o  wi th in  

Experiments 29 and 30 

I n  both experiments an  exce l len t  g e l  was obtained. However, 
no flow occurred even when t h e  g e l  w a s  pressurized t o  9 psig.  
t h a t  t h e  g e l  w a s  no t  flowing because a c r u s t  of ClF3 had formed, clogging t h e  
viscometer. 
por t ion  of l i q u i d  N2 i n  t h e  g e l  which was i n  t h e  flow l i n e ,  
used t o  prevent siphoning and t o  pravide on-off capab i l i t y  of t h e  flow system 
evident ly  ca r r i ed  t h e  gaseous N2 out  of t h e  l i n e  i n t o  t h e  ex te rna l  ba th  and, 
thereby caused a d d i t i o n a l  l i q u i d  N2 evaporation from t h e  g e l  near t h e  entrance 
t o  the  flow tube. 
designed so  t h a t  t h e  helium purge always flowed i n t o  t h e  g e l l i n g  vessel. 
f l o w  i n  t h i s  d i r e c t i o n  would keep t h e  tube clear of t h e  g e l  u n t i l  t h e  flow test  
s t a r t e d  and, thereby, eliminate t h e  p o s s i b i l i t y  of clogging t h e  flow tube with 
a crust Qf ClF3. 

It w a s  concluded 

The most l i k e l y  cause of crust  formation would be evaporation of a 
The helium purge, 

To prevent t h i s  from recur r ing ,  t h e  next series of tests were 
H e l i u m  

Experiment 31 

A l i q u i d  N2 g e l  containing 2.0 valume percent  ClF3 
(6.0 w t % ) ,  s t ructure  index less than 500 dynes/cm2, particles was prepared. 
Flow d a t a  were obtained and t h e  r e su l t s  are presented i n  Table XVI. 
monitoring device d i d  not  func t ion ,  and t h e  volume of material which flowed 
through t h e  tube w a s  estimated v i s u a l l y  and is known approximately. 
t h e  v i s c o s i t y  values  ca lcu la ted  are co r rec t  only t o  wi th in  a n  order  of magnitude. 

The level- 

Therefore, 
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TABLE XV 

EXPERIMENT 28--FLOW CHARACTERISTICS OF GELLED 
L I Q U I D  NITROGEN - GEZLING AGENT C1F3 

concent ra t ion  of Gel l ing Agent 2.24 Vol%, 6.7 w t %  
Shear 

Pressure  . .Flow Parameters Rate -1 - 9  DAP 
A Shear S t r e s s  

V i scos i ty ,  
po i se  4L 2 dynes / cm2 R a t e ,  Veloc i ty ,  Reynolds 8V9 sec 

10-4 psi cm3/sec cm/sec No. D dynes/cm 

22.7 3.2 6 .1  33.4 130 544 58.1 0.10 

14.6 2.0 4.5 24.6 106 408 38.2 0.09 

Ungelled l i q u i d  n i t rogen  --- --- --- b 0.0016 

TABLE X V I  

EWERIMENT 31--E'LOW CHARACTERISTICS OF GELLED 
L I Q U I D  NITROGEN - GELLING AGENT C1F3 

Concentration of Gel l ing  Agent 2.0 Vol%, 6.0 w t %  

Shear 
A Shear S t r e s s  

Press  ure .  Flow Parameters R a t e  DAP 
-1 - Viscos i ty ,  

po i se  4L 2 dynes/cm2 Rate Veloc i ty ,  Reynolds 8V, sec 
10-4 psi cm3/sec cm/sec No. D dynes / c m  

34.5 4.8 22.2 121  1570 2000 68.0 0.03 

38.7 5.4 34.6 189 3680 3130 64.6 0.02 

--- --- --- 0,0016 Ungelled l i q u i d  n i t rogen  
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111, 2, Task VII--Development of Techniques t o  G e l  Oxygen Dif luor ide  
and t o  Measure Engineering Proper t ies  of t h e  G e l  (cont.) 

After t h e  experiment w a s  completed, t he  thermopile used 
t o  monitor t h e  l i q u i d  level w a s  inspected. 
corrosion on t h e  exposed ends of t h e  thermocouples. 
of t h e  level-monitoring device w a s  a t t r i b u t e d  t o  corrosion of t h e  ind iv idua l  
thermocouples i n  t h e  t h e d o p i l e .  This corrosion occurred while t h e  ClF3 w a s  
being evaporated from t h e  system a f t e r  each experiment w a s  completed. Con- 
sequently,  t h e  thermopile was  removed and f i d u c i a l m a r k s  w e r e  placed on t h e  
ex te rna l  ba th  so  t h a t  t h e  volume of material which flowed during t h e  experiment 
could be  measured v i sua l ly .  

There w a s  evidence of considerable  
Therefore, t h e  f a i l u r e  

Experiment 3 2 

A l i q u i d  N2 g e l  containing 2.1 volume percent  ClF3 
(6.2 w t % ,  s t r u c t u r e  index less than 500 dynes/cm2) p a r t i c l e s  w a s  prepared. 
da ta  w e r e  obtained and t h e  r e s u l t s  are presented i n  Table XVII. 

versus - i n  Figure 21; t h i s  mode DAP obtained are a l s o  presented as a p l o t  of - 4L 
of presenta t ion  is re fe r r ed  t o  as t h e  "Charac te r i s t ic  Flow Curve." 

Flow 
The r e s u l t s  

8 V  
D 

Experiment 33 

A l i q u i d  N2 g e l  containing 3.1 volume percent  C1F3 
(9.5 w t % ,  s t r u c t u r e  index less than 500 dynes/cm2) p a r t i c l e s  w a s  prepared. 
of t h e  g e l  w a s  i n i t i a t e d  a t  2.2 p s i ;  however, t h e  flow rate gradual ly  decreased 
and reached zero.  The pressure  w a s  increased t o  5.4 p s i  and flow began again 
but  t h e  flow rate gradual ly  decreased and reached zero. An attempt t o  i n i t i a t e  
flow again by pressurizing t h e  system t o  9.3 p s i  w a s  unsuccessful.  No usable  
da t a  w e r e  obtained because t h e  flow rate w a s  not  constant .  The equipment w a s  
modified a f t e r  t h e  experiment s o  t h a t  s m a l l  flow volumes could be measured. 

Flow 

Experiment 3 4 

A l i q u i d  N2 g e l  containing 3.0 volume percent ClF3 
(9.4 w t % ,  s t r u c t u r e  index less than 500 dynes/cm2) p a r t i c l e s  w a s  prepared. 
da t a  w a s  obtained a t  3.0 p s i  and is presented i n  Table X Y I I I .  
measurements, t h e  flow rate gradual ly  decreased and reached zero. 
ceased, t h e  pressure  w a s  increased t o  7.75 p s i  but  flow d i d  not restart. 
poss ib le  cause of t h e  gradual ly  decreasing flow rate is t h e  boi l ing  of t h e  
l i q u i d  N2 as it  flowed through t h a t  por t ion  of t h e  c o i l  which w a s  above t h e  
sur face  of t h e  ge l .  
any por t ion  above t h e  level of t h e  g e l .  

Flow 
After  t h e  i n i t i a l  

After  flow 
One 

Consequently, a new c o i l  w a s  f ab r i ca t ed  t h a t  d i d  not  have 
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TABLE XVII 

EXPERIMENT 32--FLOW CHARACTERISTICS QF GELLED 
LIQUID NITROGEN - GELLING AGENT C1F3 

Concentration of Gelllng Agent 2.1 VolX, 6.2 wt% 

Shear 
Shear Stress A 

* ,  , Pressure, Flow Parameters Rate RAP 
_I_ 

viscosity, 
ctise 4L 2 -p 

Rata, Velocity, Reynolds 8V -1 dgrzes/cm2 D-, sec _ x  10-4 p ~ l  cm3/seq cm/sec No. 

11.7 1.6 10.7 58.5 760 970 27.7 0.03 
27.5 3.8 28.9 158 3080 2620 49.3 0.02 
28.8 4.1 34.8 191 4960 3167 47.8 

Ungelled liquid N2 O.OO16 
0.015 

TABLE XVIII 

EZERIMENT 34--FLOW CHARACTERISTICS OF GELLED ‘LIQUlD NITROGEN - 
GELLING AGENT C1F3 

Concentration of Gelling Agent 3.0 Vol Percent 

A Shear 
0 Shear Stress 

DAP Flow Parameters Qte - Pressure - 
dynes/cm2 ’ Rate, Velocity, Reynolds -1 4L Viscosity, 
x 10-4 psi cm3/sec cm/sec NO - .  D 9 pynesIcm2 p o i s e  

21.37 3.1 2.94 16.1 447 266 57.2 0,21 
20.68 3 .O 2.18 11.9 440 197 55.8 0.28 
20.68 3 -0 2.31 12.7 442 210 56.5 0.27 

Ungelled liquid N2 0.0016 
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111, 2 ,  Task VII--Development of Techniques t o  G e l  Oxygen Dif luoride 
and t o  Measure Engineering P rope r t i e s  of t he  G e l  (cont.)  

Experiment 35 

A l i q u i d  hT2 g e l  containing 2.0 volume percent C1F3 
( 8 . 5  wtib, s t r u c t u r e  index less than 500 dynes/cm2) p a r t i c l e s  w a s  prepared. 
data  were i n i t i a l l y  obtained a t  2 . 8  p s i ;  however, t h e  flow rate again gradually 
decreased and reached zero; flow could not be r e s t a r t e d  a t  7 . 5  p s i .  It w a s ,  
however, possible  t o  flow the  g e l  back i n t o  the g e l l i n g  vessel by pu l l ing  a 
s l i g h t  vacuum on t h e  g e l l i n g  vessel. 
t he  neat l i q u i d  N2 present  i n  the  outer  j acke t )  w a s  again flowed. 
was repeated several times and the  r e s u l t s  are presented i n  Table X I X .  
the  g e l  had been flowed back and f o r t h  two times, no f u r t h e r  decrease i n  flow 
rates during each flow experiment w a s  observed. 

Flow 

The g e l  ( a t  a new concentration because of 
T h i s  procedure 

Af t e r  

Another possible  cause f o r  t h e  decreasing flow rate i s  the  
presence of lumps i n  t h e  ge l  which were clogging t h e  flow tube. Consequently, 
i n  Experiment 3 6 ,  t he  stirrer w a s  reposit ioned so t h a t  t h e  g e l  could be sheared 
t o  break up any lumps t h a t  may form j u s t  before the  g e l  entered the  f low tube.  

TABLE X I X  

EXPERIMENT 35--FLOW CHARACTERISTICS OF GELLED L I Q U I D  NITROGEN - 
GELLING AGENT ClF3 

n Shear Shear 
P r ~ s s u r e ,  Flow Parameters R a t e  S t r e s s  

Rate, Velocity, Reynolds 8V -1 - DAP Viscosi ty ,  
4L poise  , s e c  Dynes / cm2 

Run vol% w t %  x 10-4 psi cm3/sec cm/sec Number 6- --- 
1 2 . 8  8 . 5  19 .30  2 . 8  7 . 3  39 .9  126 661 81.5 0 '12 
2 2.1 6.6 24 .82  3 . 6  27 .3  149 1409 2474 75 0 . 0 3  
3 1.3 4 . 0  28.96 4 . 2  4 1 . 5  228 4686 37 70  7 1  0.02 
4 .8 2 . 3  16 .55  2 . 4  27 149 2842 2465 50 0 . 0 2  

ungelled l i q u i d  N2 0.0016 
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111, 2, Task VII--Development of Techniques t o  G e l  Oxygen Dif luor ide  
and t o  Measure Engineering Proper t ies  of the G e l  (cont.) 

Experiment 36 

A l i q u i d  N2 g e l  containing 3.3 volume percent  ClF3 
(9.6 w t % ,  s t r u c t u r e  index approximately 500 dynes/cmZ) p a r t i c l e s  was  prepared. 
Flow w a s  i n i t i a t e d  a t  3.5 p s i ;  however, the flow rate gradual ly  decreased and 
reached zero. 
Table XX. 

The observed gradual decrease i n  flow rate is presented i n  

RUn 

1 

- 

2 

TABLE XX 

EXPERIMENT 36--FLOW CHARACTERISTICS OF GELLED L I Q U I D  NITROGEN - 
GELLING AGENT ClF3 

A 
Length of T i m e  G e l  Pressure,  Flow 

had been Flowing, dynes / cm2 R a t e ,  
sec x 10-4 psi cm3/ s ec 

6 
11.8 
21 
75.5 

4.3 
8.8 

21 
38.7 
52 

24.13 
24.13 
24.13 
24.13 

34.47 
34.47 
34.47 
34.47 
34 47 

Flow Stopped 

Flow Stopped 

3.5 
3.5 
3.5 
3.5 

5.0 
5.0 
5 .O 
5.0 
5 .O 

22.7 
15 
7.0 
1.1 

16.8 
12.2 

6.5 
4.5 
5.3 

Because the  most l i k e l y  cause of t h e  decreasing flow rate 
and eventual  clogging of the flow tube a t  a constant  pressure  w a s  s m a l l  lumps i n  
the g e l ,  two add i t iona l  s t eps  were taken t o  eliminate th i s  problem. F i r s t ,  t h e  
stirrer b lade  w a s  replaced w i t h  two high shear t u rb ine  blades and second, a new 
flow tube was  f ab r i ca t ed ,  ca l ib ra t ed ,  and i n s t a l l e d  which had an I D  of 0.78 cm 
ins tead  of 0.48 cm as o r i g i n a l l y  used. 
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111, 2, Task VII--Development of Techniques t o  G e l  Oxygen Dif luor ide  
and t o  Measure Engineering Proper t ies  of t h e  G e l  (cont.) 

(b) Signif icance of the  Measurement o f  t h e  Flow Proper t ies  
of Gelled Liquid Nitrogen - Gelling Agent C1F3 P a r t i c l e s  

The series of experiments j u s t  discussed wi th  l i q u i d  N2 

ge l l ed  wi th  C1F3 had demonstrated t h a t  t h i n  p a r t i c u l a t e  cryogenic g e l s  could be 

flowed without appreciable  d i f f i c u l t y  and t h a t  t h i c k  g e l s  ( s t r u c t u r e  index 

between 1400 and 1650 dynes/cm ) could be flowed without d i f f i c u l t y  i f  s p e c i a l  

care is  taken $0 ensure t h a t  t h e  g e l  is uniform. 

s t o p  flow and then restart i t  a f t e r  a r e g t  period both a t  pressures  higher and 

lower than the  previous flow pressure w a s  demonstrated. 

shear  thinning t h a t  was  predicted f o r  t h i s  type of g e l  w a s  demonstrated; i.e., 

2 

I n  addi t ion ,  t h e  a b i l i t y  t o  

The extremely r ap id  

t h e  v i s c o s i t y  decreases very r ap id ly  with increasing shear  rate (see Figure 2 0 ) .  

The r e s u l t s  of t h e  flow work j u s t  described i n d i c a t e  

t h a t  t o  successfu l ly  employ t h i s  g e l l e d  propel lan t  i n  a f l i g h t  system s p e c i a l  

precaut ions w i l l  have t o  be taken t o  ensure t h a t  t h e  g e l  i s  smooch, i.e., f r e e  

from lumps. This means t h a t  i t  w i l l  be necessary t o  develop a q u a l i t y  con t ro l  

procedure f o r  measuring t h e  degree of smoothness possessed by t h e  ge l .  

The extremely rap id  shear  thinning exhibi ted by t h e  g e l ,  

i , e , ,  rap id  decrease i n  v i s c o s i t y  with increasing shear rate, s t rongly  indi-  

cates t h a t  valves, propel lan t  l i n e s ,  and i n j e c t o r s  can be designed as i f  t h e  

ge l l ed  propel lan t  was a neat  l i qu id .  

3.  TASK VIII--GEI+ATXON OF OXYGEN DTFLUORIDE WITH FLUORINATED OXIDIZERS 

For t h e  ge l a t ion  of l i q u i d  OFZ, t h e  p a r t i c l e s  of C1F3 were prepared i n  

l i q u i d  N2. 
t h e  preparat ion of t h e  f i n e  p a r t i c l e s  of C1F3 requ i r e s  t h a t  t h e  CIFg-helium 

mixture be  introduced i n t o  t h e  cryogenic l i q u i d  a t  a rate of 375 cc  (STP)/sec 

o r  higher.  It w a s  bel ieved t h a t  t h e  addi t ion  of C1F3-helium mixtures a t  t h i s  

This approach w a s  taken f o r  s a f e t y  reasons.  The method used f o r  
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111, 3, Task VIII--Gelation of Oxygen Dif luor ide  with Fluorinated Oxidizers (cont.)  

rate i n t o  l i q u i d  OF would create a po ten t i a l ly  hazardous condi t ion.  Conse- 

quently,  t h e  approach taken w a s  t o  prepare t h e  C1F 

pump o r  sparge off  t h e  l i q u i d  N2 and then add t h e  OF2 t o  t h e  ge l l i ng  vesse l .  

2 
p a r t i c l e s  i n  l i q u i d  N2, 3 

The OF w a s  added by two procedures which appeared t o  be equally satis- 2 
factory.  

Essen t i a l ly  complete removal of t h e  LN 

open during t h e  i n i t i a l  por t ion  of t h e  OF condensation. 

t i o n  of t h e  OF 

The o ther  procedure f o r  g e l a t i o n  of OF2 with ClF 

OF 

l i q u i d  N2 a f t e r  most of t h e  l i q u i d  N2 had been removed. 

then used t o  remove t h e  r e s i d u a l  N 

while  t h e  vapor pressure of l i q u i d  OF 

I n  one, OF vapor w a s  added t o  and condensed i n  t h e  g e l l i n g  vesse l .  

w a s  assured by leaving t h e  vent  va lve  
2 

2 
The heat  of condensa-: 2 

provided t h e  energy required t o  vaporize the  r e s i d u a l  l i q u i d  N2. 

3 

2 
particles w a s  t o  add l i q u i d  

d i r e c t l y  t o  t h e  v e s s e l  i n  which t h e  p a r t i c l e s  of C1F 2 3 were prepared i n  t h e  

A helium sparge w a s  

which had a vapor pressure of 1 atmosphere 2 
i s  approximately one Torr.  2 

Gelled OF w a s  f i r s t  prepared i n  Experiment 13. The C1F3 p a r t i c l e s  

2' 2 2 
Table XXI p resents  t h e  

2 
were prepared i n  l i q u i d  N The l i q u i d  N w a s  pumped o f f ,  and gaseous OF w a s  

condensed t o  t h e  l i q u i d  phase i n  t h e  g e l l i n g  vesse l .  

experimental parameters. 

Gelled OF2 was again prepared i n  Experiment 14. The procedure w a s  s imi l a r  

t o  t h a t  used i n  Experiment 13  except  t h a t  t h e  vent  va lve  w a s  l e f t  open f o r  a 

longer period of time during t h e  OF2 condensation and t h e  mixture w a s  vigorously 

s t i r r e d  u n t i l  a l l  of t h e  l i q u i d  N2 had vaporized. 

experimental parameters and Figure 22 i s  a photograph of t h e  ge l l ed  OF2. 

Table XXII presents  t h e  

The s t r u c t u r e  index of t h e  g e l  w a s  measured a t  t h r e e  g e l l i n g  agent 

concentrat ions a t  t h e  NBP of l i q u i d  N2 (see Sect ion I I I , 4 , a  f o r  a d iscuss ion  

of t h e  r e s u l t s ) .  The g e l  w a s  then gradual ly  warmed t o  t h e  NBP of l i q u i d  OF2 

with vigorous s t i r r i n g .  

j u s t  as t h e  g e l  reached t h e  NBP of l i q u i d  OF2. 

An explosion occurred which terminated t h e  experiment, 

Page 77 



Report 10 38-0 25 

TABLE XXI 

EWERIMENT 13--THE P'REPARATIOJY OF GELLED LIQUID OXYGEN DIFLUOR1I)E 
WITH CHLORINE TRIFLUORIDE PARTICLES 

Preparat ion of Gel l ing Agent 

Gel l ing Agent and Diluent 

D i lu t ion  

v o l  of gas 
v o l  of g e l l i n g  agent 

O r i f  ice 
Diameter (in.) 

Locat ion 

Flow 
3 Rate (cm (STP)/sec) 

Velocity (cm/sec) 
Reynolds No. 

S i z e  of P a r t i c l e s  Prepared (micron) 

Gelled Liquid N2 P rope r t i e s  

Gelled OF2 Propert ies  

Gelled OF2 Composition 

2 S t ruc tu re  Index (dyneslcm ) 

St ruc tu re  Index (dyneslcm ) 2 

C1F3(wt%) 

LN2 (wt%) 

OF2 (wt%) 

Quantity of G e l  Prepared, g 

C1F3 and H e  

35.8 

0.025 

6 in .  below LN2 level 

364 

11.7 lo4  
26 000 
0.6'l) 

2750 at 14.7% CJF3 

2500 at -196C 

6 

3 

9 1  

1209 (2.66 l b )  

(1) P a r t i c l e  s i z e  ca l cu la t ed  from a v i s u a l  estimate of the p a r t i c l e  s e t t l i n g  rate. 
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TABLE XXII 

EWERIMENT 14--PREPARATION OF GELLED OF2 - 
GELLING AGENT C1F3 PARTICLES 

Prepara t ion  of Gel l ing Agent 

Gel l ing Agent and Diluent  

D i lu t ion  

v o l  of gas  
v o l  of g e l l i n g  agent  

Orif  ice 

Diameter, i n .  

Location 

Flow 
3 Rate, cm (STP)/sec 

Veloci ty ,  cm/sec 

Reynolds No. 

S i z e  of P a r t i c l e s  Prepared (micron) 

Gelled OF2 Prope r t i e s  

G e l  Composition 

93.3% OF2 

6.7% C1F3 

94.4% OF2 

5.6% C1F3 

94.9% OF2 

5.1% ClF3 

C1F3 and He 

35.8 

0.025 

6 i n .  below LN2 l e v e l  

375 
12.1 x 10 

26,900 
(1) 0.9 

4 

S t r u c t u r e  Index a t  -196OC 

1900 dynes/cm 2 

2 1450 dynes/cm 

2 950 dynes/cm 

Quantity of G e l  Prepared, g 1440 (3.17 l b )  

(1) P a r t i c l e  s i z e  c a l c u l a t e d  from a visual  estimate of t h e  p a r t i c l e  s e t t l i n g  rates. 
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LIQUID OXYGEN DIFLUORIDE GELLED WITH 
5.5 w t .  % CHLORINE TRIFLUORINE 

Figure 22. Liquid Oxygen Dif luor ide  Gelled with 5.5 w t %  Chlorine Tr i f luo r ide  
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111, 3, Task VIII-Gelation of Oxygen Dif luor ide  with Fluorinated Oxidizers (cont .) 

Five poss ib le  causes of t h e  explosion have been hypothesized: 

(1) i g n i t i o n  of t h e  asbes tos  l iner  of t h e  i n j e c t i o n  tube; (2) i g n i t i o n  of t h e  

aluminum f o i l  l iner of t h e  i n l e t  tube; (3) i g n i t i o n  of t h e  Teflon tape  on t h e  

i n j e c t i o n  tube; (4) i g n i t i o n  of t h e  propane gas  which could have been back 

pressured i n t o  t h e  system from t h e  burn p i t ;  and (5) i g n i t i o n  of some of t h e  

s i l i c o n e  grease used on t h e  Teflon O-ring between t h e  g e l l i n g  vessel and t h e  

vessel cap. 

from t h e  burn p i t  t o  be back pressured i n t o  t h e  system. 

evidence t h a t  ind ica ted  t h a t  t h e  f i r e  which caused t h e  explosion w a s  combustion 

of t h e  asbestos .  However, t h i s  evidence w a s  not  conclusive.  

Experimental work has shown t h a t  i t  w a s  poss ib le  f o r  t h e  propane 

There w a s  some v i s u a l  

The following s t e p s  were taken t o  e l imina te  t h e  p o s s i b i l i t y  of a recurrence 

of t h i s  event: 

not have an  asbestos  l iner ,  an  aluminum f o i l  l i n e r ,  o r  Teflon tape  t h a t  can be 

exposed t o  OF2 o r  t h e  C1F3j (2) t h e  o r i f i c e  has  been silver soldered t o  t h e  

i n j e c t i o n  tube t o  e l imina te  t h e  p o s s i b i l i t y  of leaks  i n t o  t h e  i n t e r i o r  of t h e  

i n j e c t i o n  tube; (3) t h e  burn p i t  w a s  e l iminated,  and (4) t h e  use  of t h e  s i l i c o n e  

grease on t h e  Teflon O-ring was discontinued. 

(1) a new i n j e c t i o n  tube w a s  designed and f ab r i ca t ed  which does 

Gelled OF2 w a s  prepared i n  Experiment 42. The procedure w a s  s imi l a r  t o  

t h a t  used i n  t h e  previous experiments except t h a t  t h e  OF2 w a s  l i q u i f i e d  before  

i t  w a s  added t o  t h e  g e l l i n g  vessel. Af te r  t h e  add i t ion  w a s  completed, t h e  mixture 

w a s  vigorously s t i r r e d  and sparged with helium u n t i l  a l l  of t h e  l i q u i d  N2 w a s  

vaporized o f f .  Figures 23-1 through 23-4 i l l u s t r a t e  t h e  preparat ion of t h e  

g e l l e d  OF2. The OF2 g e l  

prepared i n  t h i s  experiment w a s  used t o  measure flow p rope r t i e s  (see 

Sect ion 111,4,b, f o r  d i scuss ion  of t h e  r e s u l t s ) .  

Table XXIII presents  t h e  experimental parameters. 

The r e s u l t s  of t h e  experimental work j u s t  described demonstrated t h a t  OF2 

can be  ge l l ed  wi th  f i n e  p a r t i c l e s  of C1F3. 

forward and s u b s t a n t i a l  q u a n t i t i e s  of ge l l ed  OF2 were prepared. 

The procedure used w a s  s t r a i g h t -  

I n  Experiment 13, 
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(Gelling vessel with flow viscometer installed is f i l led 
with liquid nitrogen ) 

Figure 23-1. Preparat ion of Gelled Oxygen Dif luoride 
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(Stirrer is on and neat helium is flowing through injection 
tube a t  programmed rate ) 

Figure 23-2. Preparat ion of Gelled Oxygen Dif luoride 
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( Helium / chlorine trifluoride mixture is flowing through injection 
tube at programmed rate. The opaque area is CIF3 particles 

in l iquid Ne.) 

Figure 2 3 - 3 -  Preparat ion of Gelled Oxygen Dif luoride 
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( Liquid nitrogen is completely removed and liquid oxygen 
difluoride is added. Uniform, stable OF2 K I F 3  gel is  
formed by vigorous stirring 

Gel composition : 
OF2 ( I )  95.0 wt  % 

Amount 1893 g ( 4. I7 Ib) 
Structure Index 950 dynes / cm 2 ?  ) 

Figure 23-4. Preparat ion of Gelled Oxygen Dif luoride 
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TABLE XXIII 

EXPERIMENT 42--PREPARATION OF GELLED OF2 - 
GELLING AGENT C1F3 PARTICLES 

Preparat ion of Gelling Agent 

Gel l ing Agent and Diluent 

Dilut ion 

v o l  of gas 
v o l  of g e l l i n g  agent 

Orif ices 

Diameter, i n .  

Location 

Flow 
3 R a t e ,  cm (STP)/sec 

Velocity,  (cm/sec) 

Reynolds Number 

Gelled OF2 Prope r t i e s  

G e l  Composition 

95.0% OF2 

5.0% C1F3 

Estimated S t ruc tu re  Index, dynes/cm ) 

Quantity of G e l  Prepared, g 

2 

C1F3 and H e  

60 

0.025 

6 in .  below LN2 level 

1480 

47.7 x 10 

106,000 

4 

950 

1893 (4.17 l b )  

Note: G e l  used f o r  flow property measurements. 
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111, 3, Task VIII--Gelation of Oxygen Dif luor ide  with Fluorinated Oxidizers  (cont.) 

2.66 l b  of g e l  w e r e  prepared, 3.17 l b  i n  Experiment 1 4  and 4.17 l b  i n  

Experiment 42. 

of t h e  program. 

agent and subsequent prepara t ion  of t h e  ge l l ed  OF 

t h e  ge l l ed  propel lan ts  i n  quant i ty .  

p a r t i c l e s  of C1F3 es tab l i shed  t h a t  t he  primary ob jec t ive  of t h i s  program has 

been accomplished. 

Thus, a t o t a l  of 10 lb of ge l l ed  OF2 w a s  prepared i n  t h e  course  

It is bel ieved t h a t  t h e  procedure f o r  preparing t h e  g e l l i n g  

can b e  sca led  up t o  produce 2 
The successfu l  g e l a t i o n  of OF2 with f i n e  

4 .  TASK IX--MEASUREMENT OF THE ENGINEERING PROPERTIES 
OF GELLED OXYGEN DIFLUORIDE 

A s  w a s  previously discussed i n  t h e  In t roduct ion  t o  t h i s  r e p o r t ,  a par t ic le  

g e l s  a l i q u i d  because of t h e  p rope r t i e s  of t h e  p a r t i c l e .  The a b i l i t y  t o  g e l  a 

l i q u i d  arises when t h e  p a r t i c l e  i s  s m a l l  enough so  t h a t  t h e r e  i s  an  a t t r a c t i o n  

between t h e  ind iv idua l  p a r t i c l e s .  Apparently any p a r t i c l e ,  i f  i t  is  s m a l l  

enough, possesses t h i s  a t t r a c t i v e  f o r c e  which causes t h e  p a r t i c l e s  t o  form 

interconnect ing chains  o r  networks t h a t  form micelles which t r a p  t h e  l i q u i d .  

A ge l - l i ke  material is  t h e  r e s u l t .  The property t h a t  makes p a r t i c u l a t e  ge l l i ng  

agents  uniquely d i s t i n c t i v e  is  t h a t  g e l  formation is e s s e n t i a l l y  independent of 

t he  chemical p rope r t i e s  of t h e  l i q u i d .  

s m a l l  enough, and i f  t h e r e  are enough p a r t i c l e s  per  u n i t  volume so t h a t  chains  

o r  networks form, t h e  p a r t i c l e s  w i l l  g e l  any l i q u i d  i n  which they are inso luble  

and nonreactive.  

I n  o the r  words, i f  t h e  p a r t i c l e s  are 

A c o r r e l l a r y  t h a t  arises from t h i s  theory of t h e  cause of p a r t i c u l a t e  

g e l  formation is t h a t  t h e  ra te  of change of g e l  p rope r t i e s  of any series of 

ge l l ed  l i q u i d s  w i t h  changing g e l l i n g  agent concentrat ion,  i f  g e l l e d  with a 
common p a r t i c u l a t e  g e l l i n g  agent ,  w i l l  be  pr imar i ly  determined by t h e  g e l l i n g  

agent  r a t h e r  than t h e  l i q u i d .  

property expressed as a func t ion  of t h e  volume concent ra t ion  of t h e  p a r t i c u l a t e  

g e l l i n g  agent  should be e s s e n t i a l l y  s i m i l a r  from l i q u i d  t o  l i q u i d  i f  a common 

g e l l i n g  agent is  used. 

This means t h a t  t h e  rate of change of a g e l  

The s ign i f i cance  of t h i s  expected s i m i l a r i t y  i n  t h e  
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111, 4, Task IX--Measurement of t h e  Engineering Proper t ie8  of 
Gelled Oxygen Bif l uo r ide  (cont ) 

behavior of ge l l ed  l i q u i d s ,  under both static and flow condi t ions i s  t h a t  

i n i t i a l  development work f o r  t h e  g e l a t i o n  and u t i l i z a t i o n  of energe t ic  pro- 

p e l l a n t s  can be  conducted using an  inert l i q u i d  simulant ge l l ed  with t h e  

p a r t i c u l a t e  g e l l i n g  agent se lec ted .  

ac fua l  propel lan t  are required t o  confirm t h e  r e s u l t s  obtained with t h e  simulant,  

The savings i n  time and money t h a t  could be achieved, i f  t h i s  expected s i m i l a r i t y  

i n  g e l  proper t ies  could be es tab l i shed ,  is r e a d i l y  apparent,  

Consequently, only a few tests with t h e  

The primary 

dependence of p a r t i c u l a t e  g e l  formation on t h e  p a r t i c l e  r a t h e r  than on t h e  

na ture  

l i qu id  

of t h e  l i q u i d  is indicated by t h e  f a c t  t h a t  t h e  C1F3 p a r t i c l e s  g e l  both 

OF2 and l i q u i d  N2. 

This por t ion  of t h e  r e p o r t  p resents  t h e  r e s u l t s  of t h e  measurements of 

the  proper t ies  of l i q u i d  OF2 ge l l ed  with C1F3 p a r t i c l e s ,  In addi t ion ,  these 

results are compared t o  t h e  r e s u l t s  of t h e  measurements of t h e  p rope r t i e s  of 

l i q u i d  N2 gel led  wi th  C1F3 p a r t i c l e s .  The comparative d a t a  is presented as a 
func t ion  of volume because p a r t i c l e s  g e l  a l i q u i d  when a s u f f i c i e n t  number of 

particles are present  i n  a u n i t  volume of l i q u i d  t o  form t h e  chains  and networks 

which are required t o  produce t h e  ge l - l i ke  s t ruc tu re .  

a ,  S t a t i c  Proper t ies  

The development of t h e  technique used f o r  measuring t h e  s ta t ic  
proper t ies  of cryogenic p a r t i c u l a t e  g e l s  w a s  described i n  Sect ion 111,2,d,(l) .  

The s p e c i f i c  method used f o r  measuring t h e  s t r u c t u r e  index of ge l l ed  OF2 w a s  

discussed on Psge 45 of t h a t  sec t lon ,  

The s t r u c t u r e  index of ge l led  OF2 w a s  measured a t  t h r e e  g e l l i n g  

agent concentrat ions i n  Experiment 14. 

presented i n  Table XXIV and i n  Figure 24. 

The results of t hese  measurements are 
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I I I I I 

GELLING AGENT - CIF3 PARTICLES 
TEMPERATURE - -196OC 

I I I I I 
8 7 6 5 4 3 

7OOJ 

CONCENTRATION OF CIF3 (WT%) 

Figure 24.  St ruc tu re  Index of Gelled OF2 a t  Various Gel l ing Agent Concentrations 
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111, 4 ,  Task =--Measurement of t h e  Engineering Proper t ies  of 
Gelled Oxygen Dif luor ide  (cont .) 

The s t r u c t u r e  index of ge l l ed  l i q u i d  OF2 and ge l l ed  l i q u i d  N2 is  

The d a t a  are presented as a func t ion  of t h e  concentra- 

3 

presented i n  Figure 25. 

t i o n  of C1F3 i n  ~ 0 1 % .  

p a r t i c l e s  required t o  achieve a given increase  i n  t h e  degree of s t r u c t u r e  is  

comparable. 

A s  theory p red ic t s ,  t h e  incremental  volume of C1F 

TABLE XXIV 
STRUCTURE INDEX OF GELLED OF2 

AT VARIOUS GELLING AGENT CONCENTRATIONS 

Gel l ing Agent C1F3 

G e l  Composition, 
w t %  

93.3% OF2 

6.7% C1F3 

94.4% OF2 

5.6% C1F3 

94.9% OF2 

5.1% C1F3 

S t ruc tu re  Index a t  -196OC, 
dynes / cm2 

1900 

1450 

950 

b. Flow Proper t ies  

The development of t h e  technique used f o r  measuring t h e  flow 

proper t ies  of cryogenic p a r t i c u l a t e  g e l s  w a s  described i n  Sect ion 111,2,d,(2).  

The s p e c i f i c  apparatus used f o r  measuring t h e  flow proper t ies  of ge l l ed  OF 

w a s  discussed on Pages 50 through 6 5  of t h a t  sec t ion .  

ge l led  OF 

2 
The prepara t ion  of t h e  

used f o r  t h e  flow measurement w a s  described i n  Sect ion I I I , 3 .  2 
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LN, GELLED WITH CIF, PARTICLE 
- 

Figure 25. S t ruc tu re  Index of Gelled OF2 and Liquid Nitrogen Gelled with 

Chlorine T r i f l u o r i d e  P a r t i c l e s  
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111, 4, Task IX--Measurement of t h e  Engineering P rope r t i e s  of 
Gelled Oxygen Dif l u o r i d e  (cont .) 

Figures 17,  18, and 19 i l l u s t r a t e  t h e  cryogenic ge lv i scomete r .  Figure 26 

i l l u s t r a t e s  t h e  test bay s i d e  of t h e  OF2 g e l l a t i o n  equipment and t h e  cryogenic 

flow viscometer. Figure 27 i l l u s t r a t e s  t h e  labora tory  s i d e  of t h e  equipment. 

A l i q u i d  OF g e l  w a s  prepared and i ts  flow p rope r t i e s  measured i n  2 
Experiment 42. 

previous experimental work, t h i s  g e l  had a s t r u c t u r e  index of approximately 

950 dynes/cm . During flow, only s l i g h t  hangup of t h e  g e l  w a s  observed. The 

sequence of flow w a s  as follows: 

The g e l  contained 3.57 vol% (5.0 w t % )  C1F3. On t h e  b a s i s  of 

2 

(1) 
(2) Flow w a s  then stopped and t h e  pressure  changed. 

(3) 

(4) 

(5) 

(6) 

(7) 

I n i t i a l  flow w a s  246 c c  i n  44.3 sec a t  a AP of 2.94 psi. 

The g e l  w a s  pressurized t o  4.03 p s i  and 297 cc of g e l  flowed 
i n  8.2 see. 
Flow w a s  then stopped and t h e  pressure  changed. 

The g e l  w a s  pressurized t o  4.63 p s i  and 147 cc of g e l  flowed 
i n  approximately 2 sec. 

Flow w a s  then stopped and t h e  pressure  changed. 

The g e l  w a s  pressurized t o  1.67 p s i  and 68 cc of g e l  flowed 
i n  182 sec. The t o t a l  volume of flow w a s  758 cc. 

The r e s u l t s  of t h i s  experiment are presented i n  Table XXV and a p l o t  
8V 
D DAP versus  - i n  Figure 28. of - 4L 

Charac te r i s t i c  Flow Curve. 

This mode of presenta t ion  i s  r e fe r r ed  t o  as t h e  

The Charac te r i s t i c  Flow Curves of g e l l e d  l i q u i d  OF2 and ge l l ed  l i q u i d  

Note t h a t  t h e  sets of d a t a  produce p a r a l l e l  l i n e s  N are presented i n  Figure 29. 

which means t h a t  t h e  v i s c o s i t i e s  of t h e  ge l l ed  l i q u i d s  decrease a t  t h e  same rate 

wi th  increasing shear  rates, This observat ion is i n  agreement with t h e  theory 

t h a t  t h e  p rope r t i e s  of a p a r t i c u l a t e  g e l  are determined by t h e  g e l l i n g  agent  

r a t h e r  than by t h e  l i q u i d  ge l led .  

2 
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Figure 26. F a c i l i t y  fo r  Gelat ion of Oxygen Dif luor ide  and t h e  Cryogenic Flow 
Viscometer ( T e s t  Bay Side) 
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111, 4 ,  Task IX--Measurement of t h e  Engineering Proper t ies  of 
Gelled Oxygen Dif l uo r ide  (cont . ) 

During t h e  experimental work with ge l l ed  OF 

s t r u c t u r e  with g e l l i n g  agent concentrat ion w a s  measured and t h e  ge l l ed  OF 

successfu l ly  flowed, 

lower pressures  w a s  demonstrated. 

predicted f o r  t h i s  type of g e l  w a s  demonstrated, i .e,  t h e  v i s c o s i t y  decreases 

very r ap id ly  with increasing shear rate ( see  Figure 28). 

s i m i l a r i t y  i n  behavior of two ge l l ed  l i q u i d s ,  ge l l ed  wi th  a common ge l l i ng  

agent predicted by theory w a s  conclusively demonstrated. 

t h e  v a r i a t i o n  i n  g e l  

w a s  
2’ 

2 
The a b i l i t y  t o  s top  flow and then restart i t  a t  higher and 

The extremely rap id  shear thinning t h a t  w a s  

I n  add i t ion  t h e  
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SECTION I V  

CONCLUSIONS AND RECOMMENDATIONS 

1. CONCLUSIONS 

The conclusions which are drawn from t h i s  research program are: 

1. A simple and p r a c t i c a l  rap id  condensation technique f o r  t he  

preparat ion of micron s i z e  p a r t i c l e s  of chlor ine t r i f l u o r i d e  has been 

developed and reduced t o  a rout ine  operat ion.  

2. Excellent ge ls  of OF2 have been prepared using micron s i z e  

p a r t i c l e s  of ch lor ine  t r i f  luor ide  prepared by the  rap id  condensation 

technique. 

3 ,  I f  t he  p a r t i c l e s  are formed below the  level of t he  l i q u i d  N2 

under the experimental conditions s tud ied ,  va+ing t h e  rate at which the  

gaseous C1F 

does not have a measureable e f f e c t  on t h e  p a r t i c l e  s i z e .  

helium mixture and/or t he  degree of d i l u t i o n  of C1F i n  Be 3- 3 

4 .  This rapid condensation teehnique does no t  r e s u l t  i n  t he  

preparat ion of micron p a r t i c l e s  of C1F The most 

l i k e l y  cause of the f a i l u r e  of C1F5 p a r t i c l e s  t o  ge l  l i q u i d  N2 is t h a t  t h e  

p a r t i c l e s  are s l i g h t l y  so luble  i n  l i q u i d  N2.  

part icle growth occurs,  r e s u l t i n g  i n  a l o s s  of g e l l i n g  a b i l i t y ,  

t h a t  w i l l  g e l  l i q u i d  N2. 5 

I f  a s l i g h t  s o l u b i l i t y  e x i s t s ,  

5. 

index) of cryogenic p a r t i c u l a t e  ge ls  w a s  developed and the s t r u c t u r e  index 

of ge l led  l i q u i d  N2 and ge l led  l i q u i d  OF2 a t  var ious ge l l i ng  agent concentra- 

t ions  w a s  measured. 

p a r t i c l e s  required t o  achieve a given increase  i n  t h e  degree of s t r u c t u r e  is 

A technique f o r  measuring t h e  degree of s t r u c t u r e  ( s t r u c t u r e  

A s  theory p r e d i c t s ,  the incremental  volume of C1F3 

comparable f o r  the two l i q u i d s .  
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IV, 1, Conclusions (cont.) 

6 ,  A technique f o r  measuring the  flow proper t ies  of cryogenic ge ls  

w a s  developed and t h e  flow p rope r t i e s  of ge l led  l i q u i d  OF2 and ge l l ed  l i q u i d  

N2,  each at  one g e l l i n g  agent concentration, were measured. 

p red ic t s ,  t h e  v i s c o s i t i e s  of the  ge l led  l i q u i d s  decrease at the same rate 
with' . increasing shea r  rate 
decrease i n  v i scos i ty  with increas ing  shear  rate w a s  observed. 

As theory 

In  addi t ion ,  the predic ted  extremely rap id  

7. An exploratory study t o  determine whether the  degree of s t r u c t u r e  

possessed by a p a r t i c u l a t e  g e l  could be est imated by ex t rapola t ing  t h e  r e s u l t s  

of flow measurements t o  zero flow conditions demonstrated t h a t  t h i s  approach 

t o  assessing ge l  s t r u c t u r e  d id  no t  y i e l d  u s e f u l  information. 

s a t i s f a c t o r y  method f o r  assess ing  the degree of s t r u c t u r e  of reactive, tox ic  

ge l l ed  cryogenic propel lan ts  awaits development. 

A completely 

8 ,  An a n a l y t i c a l  s tudy of t h e  e f f e c t s  of ge la t ion  on the  in-space 

s t o r a b i l i t y  of a cryogenic propel lan t  indicated t h a t  ge l a t ion  improves the  

s t o r a b i l i t y  of the propel lan t .  

9. Performance ca lcu la t ions  have shown t h a t  t he  performance 

degradation incurred by t h e  ge l a t ion  of OF2 with C1F3 p a r t i c l e s  is wi th in  

t o l e r a b l e  limits. 

2. RECOMMENDATIONS 

The recommendations which are made are as follows: 

1. The prope r t i e s  of l i q u i d  OF2 gel led  with C1F3 p a r t i c l e s  should b e  

completely charac te r ized  This charac te r iza t ion  should include s torage  

tests over  the an t i c ipa t ed  use temperature range and complefe charac te r iza t ion  

of the  flow proper t ies  of ge l led  oxygen d i f luo r ide .  

Page 100 



Report 1038-02s 

I V ,  2 ,  Recommendations (cont  . ) 
2. As there  is no reason t o  be l i eve  t h a t  t h e  rap id  condensation 

technique would not be  s u i t a b l e  f o r  t h e  prepara t ion  of f i n e  p a r t i c l e s  of 

f u e l s  which could serve as g e l l i n g  agents f o r  diborane, a program t o  ge l  

diborane, using the  techniques developed during t h i s  program should b e  

i n i t i a t e d .  

should be determined. 

Af te r  the diborane has been ge l led ,  flaw and s torage  proper t ies  

3.  Per ta in ing  t o  the  technology developed during t h i s  program, i t  

is recommended t h a t  considerat ion be  given t o  taking advantage of t he  b e n e f i t s  

t h a t  would arise from t h e  ge la t ion  of J?LOX and methane. 

advantage t o  be g a b e d  by the u t i l i z a t i o n  of s lush  cryogenic propel lan ts  

should be considered as ge la t ion  makes f e a s i b l e  the  preparat ion of uniform 

so l id- l iqu id  mixtures. While the  s p e c i f i c  impulse is not  benef i ted  by using 

the s o l i d  phase of a propel lan t ,  t he  density-impulse and the d i r e c t l y  r e l a t e d  

vehicle-payload capab i l i t y  is increased by the higher  densi ty  of so l id- l iqu id  

s lu shes ,  

I n  addi t ion ,  t he  
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SECTION V 

PROGRAM PERSONNEL 

The NASA P ro jec t  Manager f o r  t h i s  program w a s  M r .  J. Suddreth, NASA 
Headquarters, OART; the NASA Technical Manager w a s  M r .  D. L. Young of t he  

Jet Propulsion Laboratory. 

The Aerojet  Program Manager and P ro jec t  Engineer was M r .  R. H. Globus. 

The interhalogen p a r t i c l e  prepara t ion  and ge l  formulation and t e s t i n g  

s tud ie s  were performed under the  d i r e c t i o n  of M r .  Globus with the  assistance 

of Messrs P. D. Beadle, R. L. Beegle, and J. A. Cabeal. D r .  J. M. Adams 

designed the l i g h t  ex t inc t ion  equipment f o r  measuring the p a r t i c l e  s i z e  of 

C1F3 p a r t i c l e s  and reduced the da t a  obtained. 

the  a n a l y t i c a l  s tudy on the  effect of ge la t ion  on t h e  in-space s t o r a b i l i t y  

of cryogenic propel lan ts .  M r .  J. J .  Bost a s s i s t e d  i n  t h e  design of t h e  flow 

viscometer f o r  measuring the  flow proper t ies  of cryogenic gels .  

D r s .  S .  D. Rosenberg and E. M. Vander Wall acted as consul tants  during t h i s  

program. 

M r .  W. V. T i m l e n  performed 
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LIGHT EXTINCTION MEASUREMENTS OF SETTLING 

ABSTRACT 

By appl ica t ion  of t h e  Mie theory of l i g h t  s c a t t e r i n g  by sphe r i ca l  

p a r t i c l e s  and Stoke's l a w  of s e t t l i n g ,  a measurement of t h e  ex t inc t ion  of a 

monochromatic l i g h t  beam over a.known path length through a tu rb id  medium 

allows a determination of t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  wi th in  t h e  medium. 

Apparatus was  fabr ica ted  and used successfu l ly  f o r  t h e  determination 

of p a r t i c l e  s i z e  d i s t r i b u t i o n s  of interhalogen compounds suspended i n  l i qu id  

ni t rogen.  

enough t o  f i t  i n t o  a four  inch vesse l .  

f l e x i b l e  l i g h t  guides between the  l i g h t  source, probes, and de tec tors .  

e l imina te  e r r o r s  due t o  changes i n  t h e  l i g h t  source i n t e n s i t y  o r  de t ec to r  

s e n s i t i v i t y  over t h e  r e l a t i v e l y  long durat ion of a run,  a continuous re ference  

measurement w a s  provided by o p t i c a l  sampling. 

The o p t i c a l  probe assemblies were constructed of a s i z e  s m a l l  

O p t i c a l  coupling w a s  accomplished with 

To 

Light ex t inc t ion  measurements were made on p a r t i c u l a t e  suspensions of 

undergoing t r a n q u i l  s e t t l i n g  i n  l i q u i d  nitrogen. The r e s u l t s  i n d i c a t e  C1F3 (s) 
t h a t  t h e  apparent par t ic le  s i z e  d i s t r i b u t i o n  w a s  more s t rongly  dependent on 

p a r t i c u l a t e  concentrat ion i n  the  l i q u i d  than on the characteristics of forma- 

t ion .  

rap id ly  i n  t h e  vessel and t h a t  these  agglomerates, r a t h e r  than ind iv idua l  p a r t i c l e s ,  

were being observed. Where low p a r t i c u l a t e  concentrat ions were s tudied ,  t h e  

results indicate a specific sur face  of about 0.5 m /gm. 

Thus, i t  appears t h a t  agglomeration of t h e  p a r t i c l e s  was  occurring 

2 
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INTRODUCTION 

During $he recent development of techniques t o  form p a r t i c u l a t e  g e l s  i n  

cryogenic l i q u i d  propel lan t  systems, 

s i z e  d i s t r i b u t i o n s  of p a r t i c l e s  w i th in  a cryogenic l i qu id .  

method of determining c h a r a c t e r i s t i c s  of a polydispers ion w a s  suggested by 

i t  has become necessary t o  determine the  

A p a r t i c u l a r l y  use fu l  

Gumprecht and Sliepcevich, '293) and r e s u l t s  from a knowledge of t he  i n t e r a c t i o n  

of t h e  dispersed p a r t i c l e s  with a monochromatic beam of l i g h t  t ravers ing  t h e  

medium. 

 particle^'^) and Stoke's l a w  of s e t t l i n g ,  a measurement of t h e  ex t inc t ion  of a 

monochromatic l i g h t  beam over a known pa th  length through t h e  turb id  medium 

allows a determination of t h e  p a r t i c l e  s i ze  d i s t r i b u t i o n  and concentrat ion i n  

the  l i g h t  path. 

By app l i ca t ion  of t h e  M i @  theory of l i g h t  s c a t t e r i n g  by sphe r i ca l  

This q u a n t i t a t i v e  o p t i c a l  method is of p a r t i c u l a r  va lue  for condi t ions 

Furthermore, where the  medium is  not r ead i ly  access ib l e  f o r  d i r e c t  ana lys i s .  

because of t h e  small container  volume necess i ta ted  by t h e  hazardous na tu re  of 

t h e  p a r t i c u l a t e  phase i n  t h e  present  case (C1F3), a compact o p t i c a l  system w a s  

required.  

measurement o f  t h e  l i g h t  ex t inc t ion  c o e f f i c i e n t  i n  a s e t t l i n g  polydispersion, i s  

described i n  t h e  following paragraphs. 

The r e s u l t i n g  apparatus and method, which allows continuous, p rec i se  

THEORY - PRINCIPLES OF OPERATION 

Light Ext inct ion by Spherical  P a r t i c l e s  

With t h e  o p t i c a l  system shown i n  Figure 1, a monochromatic l i g h t  beam of 

ens i ty  Io i s  passed through a polydispers ion where it is  a t tenuated  

from absorpt ion and s c a t t e r i n g  by p a r t i c l e s  i n  t h e  l i g h t  path. 

s t r i k e s  t h e  acceptance l ens  L2 with i n t e n s i t y  I, given by 

The l i g h t  beam 
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% 

where NdD is t h e  number dens i ty  of p a r t i c l e s  l y ing  i n  the s i ze  range 
between D and M d D ,  cm-3. 

D i s  t h e  p a r t i c l e  diameter 

t is t h e  ex t inc t ion  pa th  length,  cm. (Figure 1) 

ya, ys are t h e  o p t i c a l  absorpt ion and s c a t t e r i n g  c ros s  
sec t ions  f o r  t h e  p a r t i c l e  diameter D. 

K is a co r rec t ion  f a c t o r  t o  account f o r  s ca t t e r ed  l i g h t  received 
by t h e  acceptor  lens,  L2(*). 

With the  M i e  theory appl ied t o  sphe r i ca l  p a r t i c l e s ,  t h e  c ros s  sec t ions  ya and ys 

are uniquely determined from t h e  r e f r a c t i v e  index, m, of t h e  dispersed phase 

relative t o  t h e  continuous phase, t h e  wavelength of t h e  l i g h t  and t h e  p a r t i c l e  

diameter D. The complete ana lys i s  of t hese  c ros s  sec t ions ,  together  with many 

s impl i f ied  formulae, has  been presented by Van de  H ~ l s t ' ~ ) .  A computer program 

f o r  ca l cu la t ion  of o p t i c a l  c ros s  sec t ions  f o r  polydispersions has been given by 

Erickson . ( 6 )  

Application of Stoke's Law 

On small spheres moving i n  a medium of v i s c o s i t y  U, t h e  drag fo rce  is 

given by 

4 

FD 
+- 

-37W DU 

where u i s  t h e  v e l o c i t y  of t h e  p a r t i c l e  relative to t h e  surrounding medium. 

The g r a v i t a t i o n a l  f o r c e  ac t ing  on t h e  same p a r t i c l e  of dens i ty  p i n  a S 
l i q u i d  of dens i ty  P, is p o s i t i v e  downward when expressed by 

4 
3 -+ = -  A D  (Ps - P,) gL 

FG 6 (3) 

Page 197 



Report 1038-023, Appendix I 

A t  terminal ve loc i ty ,  t h e  net f o r c e  on t h e  p a r t i c l e  i n  t h e  medium is zero,  and 

w e  have, by equating t h e  sum of equations 2 and 3 t o  zero: 

which relates t h e  diameter of sphe r i ca l  p a r t i c l e s  t o  t h e i r  terminal ve loc i ty .  

If s t i r r i n g  of t h e  suspension is stopped a t  t i m e  8 = 0, equation 4 can 

be used t o  determine t h e  time 8 a t  which p a r t i c l e s  of  diameter D disappear from 

the  l i g h t  path which is located a d i s t ance  h under t h e  l i q u i d  surface,  i.e. 

-112 D = C 8  , 

where 

(5) 

Equation 6 neglec ts  t h e  t i m e  required t o  accelerate t h e  p a r t i c l e s  t o  t h e i r  

terminal ve loc i ty ,  assumes i n t e r p a r t i c u l a t e  forces  are small (i-e.,  in t e rpa r t i c -  

u l a t e  d i s tances  are l a rge )  and is  s t r i c t l y  appl icable  only when t h e  s e t t l i n g  time 

is long i n  r e l a t i o n  t o  t h e  time required f o r  convection currents .within the  l i q u i d  

t o  cease. When the  s o l i d s  dens i ty  is lower than t h a t  of the  l i q u i d ,  equation 5 is 

s t i l l  appl icable  where h i s  now t h e  d i s t ance  from t h e  bottom of t h e  vessel t o  t h e  

o p t i c a l  path.  
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Transient  Light Ext inct ion Equation 

Taking t h e  logarithm of equation 1 and d i f f e r e n t i a t i n g ,  w e  ob ta in  

'I, 

d l n I  = - t N Y t K d D .  (7) 

where* Y t  = Ya -t Y, 

By d i f f e r e n t i a t i n g  equation 5, s u b s t i t u t i n g  and rearranging, we ob ta in  

from equation 7: 

2 8 3'2 1 d I  
tC i de (8) 

2 8 3'2 d I n  I - 'I, - 
t C  de F = K y t N  = 

Thus with an  o p t i c a l  system such as t h a t  shown i n  Figure 1, located a 
depth h beneath t h e  sur face  of a suspension, t h e  quant i ty  F can be determined 

a t  any given t i m e  from a measurement of I versus t i m e  8. 

diameter corresponding t o  F can be determined and used i n  tu rn  t o  evaluate K and 

From equation 5, t h e  

'I, 

The p a r t i c l e  number dens i ty  func t ion  N,  i s  then ca lcu la ted  from t h e  equation Y t  

F 'I, 
N = -  

'I, 
and a p l o t  of N versus  D, t h e  des i red  s i z e  d i s t r i b u t i o n  curve f o r  t h e  polydis- 

persion, can be  thus obtained. 

* With most quas i -d ie lec t r ic  media a t  low temperatures, ya << ys and 
ya can be neglected. 
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APPARATUS 

A photograph of t h e  o p t i c a l  system used t o  perform t h e  t r a n s i e n t  l i g h t  

ex t inc t ion  measurements is shown i n  Figure 2. 

i n  t h e  system can be  b e t t e r  understood from a schematic of t h e  apparatus,  presented 

i n  Figure 3. An in t ense  source of l i g h t  was  supplied by a 200 w a t t  mercury arc 

lamp* housed and supported wi th in  a 4 inch x 4 inch x 6 inch enclosure and air- 

cooled by na tu ra l  convection. 

served as a retainer f o r  four one-sixteenth inch diameter f iber -opt ic  l i g h t  guides 

which were posi t ioned so t h a t  t h e i r  cen te r l ines  in t e r sec t ed  a t  t h e  center  of t he  

arc lamp. 

The l inkage  of t h e  var ious  components 

One w a l l  of t h e  enclosure,  shown i n  Figure 4,  
f 

Six f l e x i b l e  l i g h t  guides t o  t ransmit  l i g h t  between t h e  l i g h t  sources,  

t h e  o p t i c a l  probe assemblies and t h e  de t ec to r s  were arranged i n  a manner shown 

i n  Figure 3. To account f o r  any change i n  c h a r a c t e r i s t i c s  of t h e  de t ec to r s  o r  

t h e  l i g h t  source during an  experiment, l i g h t  guides were connected d i r e c t l y  

between t h e  l i g h t  source and t h e  de tec tors .  

Op t i ca l  Sensing Probes 

The l i g h t  ex t inc t ion  o p t i c a l  system shown i n  Figure 5 w a s  designed f o r  

The s i z e  of t o t a l  immersion and operat ion i n  a cor ros ive  l i qu id  environment. 

t h e  complete o p t i c a l  probe assembly w a s  such that two complete assemblies, a 

s t i r r i n g  d r i v e  s h a f t  and several sampling tubes could be placed wi th in  a v e s s e l  

having an i n s i d e  diameter of only four  inches.  

assemblies a t tached t o  t h e  ves se l  l i d  is  shown i n  Figure 6 .  

A photograph of t h e  two complete 

The o p t i c a l  sensing probes w e r e  f ab r i ca t ed  e n t i r e l y  from s t a i n l e s s  steel 

with t h e  dimensions shown i n  Figure 5. 

ape r tu re  diameter d (image element, Figure 1) and t h e  f o c a l  length  f of t h e  

intermediate  l ens  L2 on t h e  de t ec to r  probe w a s  f ixed by t h e  requirement 

The r a t i o  of t h e  l i g h t  guide r e t a i n e r  

(7) 

* George W. Gates & Co. ,  Inc.  
' power supply P21ODV. 
+ American Opt ica l  Co. LGM 2-72. 

HBO 20OW/2 lamp and low r i p p l e  d i rec t -cur ren t  
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Figure 6.  Opt ica l  Sensing Probes Attached t o  Vessel Lid 
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with t h e  add i t iona l  requirement on t h e  diameter of t h e  window re ta iner -aper tures  
given by (7) 

d t  
+ DL 

- 
D D L  f 

where DD is t h e  ape r tu re  diameter of t h e  de tec tor  probe a d  DL is t h a t  of t h e  

l i g h t  source probe (see Figure 1). 
spacial reso lu t ion .  A maximum value f o r  DD is d ic t a t ed  by t h e  numerical ape r tu re  

of t h e  l i g h t  guides. 

l i g h t  guide equal t o  i t s  f o c a l  length,  a coll imated f i g h t  beam of diameter DL w a s  

formed by t h e  l i g h t  source probe which passed through t h e  d ispers ion  t o  be i n t e r -  

cepted by t h e  de t ec to r  probe and focused by lens  L2 on t h e  end of the  acceptor  

l i g h t  guide. 

l enses  w a s  accomplished wi th  t h e  threaded l i g h t  guide retainer. 
were used i n  t h e  four  probes. 

The diameter DL w a s  chosen t o  ob ta in  reasonable 

With t h e  lens L1 placed a t  a d i s t ance  from t h e  end of t he  

Adjustment of t h e  d i s t ance  between t h e  l i g h t  guide ends and the  

I d e n t i c a l  l enses  

The use  of t h e  pentaprisms provided hor izonta l  o r i en ta t ion  of t h e  l i g h t  

beam i n  a minimum of space while  o f f e r ing  two add i t iona l  advantages: 

t i o n  of t h e  r e f l e c t i n g  su r face  w a s  afforded without t h e  inherent  mu l t ip l e  

r e f l e c t i o n s  of a standard second-surface r e f l e c t o r ;  2) s l i g h t  misalignment of 

t h e  prisms and the  probe c e n t e r l i n e  d i d  not a f f e c t  t h e  o p t i c a l  path,  i.e., t h e  

only r i g i d  requirement f o r  pe r f ec t  alignment is t h a t  t h e  vertical c e n t e r l i n e s  

of t he  two probes be p a r a l l e l .  

1) protec- 

Support f o r  t h e  o p t i c a l  sensing probes within the vessel and p ro tec t ion  

f o r  t h e  l i g h t  guides w a s  provided by heavy-wall s t a i n l e s s  steel tubing which w a s  

threaded f o r  d i r e c t  connection t o  t h e  probe body. Each of t h e  four  tubes w a s  
welded a t  t h e  top end t o  a f lange  f o r  attachment t o  t h e  standard b a l l  and socket  

f i t t i n g  which i n  turn  is connected t o  the  vessel l i d .  A t  t h e  f lange,  provis ion 

w a s  made f o r  s ea l ing  t h e  l i g h t  guide enclosure,  thus enabling p res su r i za t ion  of 

each of t he  o p t i c a l  probes and l i g h t  guide enclosures t o  approximately f i v e  psig.  

The helium gas pressur iza t ion  w a s  provided t o  prevent any leakage of l i q u i d  i n t o  

the  probe body. 
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Detector Assembly 

Continuous monitoring of t h e  l i g h t  i n t e n s i t y  from t h e  o p t i c a l  sensing 

probes w a s  accomplished with two mul t ip l i e r  phototubes, mounted as shown i n  

Figures 7 and 8. The table-mounted hangers* served as supports  for  t h e  photo- 

tube housings, t h e  l ight-guide ends and t h e  r q t a t i n g  s h a f t  t o  d r i v e  both l i g h t  

choppers, as shown i n  t h e  f igures .  Two l i g h t  guides were o p t i c a l l y  coupled t o  

each of t h e  phototubes and were a l t e r n a t e l y  sampled with t h e  r o t a t i n g  l i g h t  

chopper, d i r e c t l y  i n  f r o n t  of each phototube face.  

one of $he l i g h t  guides  t ransmit ted l i g h t  from t h e  l i g h t  source d i r e c t l y  t o  t h e  

phototube t o  serve as a reference,  t h e  other  t ransmit ted l i g h t  from t h e  o p t i c a l  

sensing probe wi th in  t h e  vessel (see Figure 3). 

by cu t t i ng  a 30" s l o t  along a rad ius  o f  0.5 inches i n  a commercial d i a l  plate*,  

which was shaft-mounted and ro t a t ed  with a d i rec t -cur ren t  variable-speed electric 

motor. 

A s  described previously,  

The l i g h t  chopper w a s  fabr ica ted  

Between t h e  l i g h t  chopper and the  phototube face, an o p t i c a l  i n t e r f e rence  

was placed to  provide s p e c t r a l  d i scr imina t ion  a t  a wavelength of 4360A0, 4- f i l t e r  

t h e  b r i g h t e s t  region i n  t h e  mercury arc spectrum. 

The phototubes each were e l e c t r i c a l l y  coupled t o  t h e  s tandard ten- res i s tor  

br idge and connec.ted t o  a well-regulated high-voltage power supply. 

were operated a t  a vol tage  from 850-1000 v o l t s .  Magnetic sh i e lds  of mu-metal 

were provided f o r  each of t h e  tubes;  these  were e l e c t r i c a l l y  coupled t o  anode 

p o t e n t i a l  (- 1000 v o l t s )  and were insu la ted  from t h e  outer  aluminum housing with 

a tube of polymethylmethacrylate. 

with an opera t iona l  ampl i f ie r  , t h e  input  of which w a s  coupled as a current-  

The tubes 

The output from each phototube was  monitored 
5 

follower from cathode t o  p o s i t i v e  ground. 

* Prec is ion  Instrument Components, Inc.  
3. Thin Film 'Products, 1 / 2  power bandwidth 100 Angstroems, blocked to  l m i c r o n .  
5 Analogue Devices, Model 107C. 
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Data Recording 

Data from each of t h e  phototubes was i n  t h e  form o f  two square pulses  per  

r o t a t i o n  of t h e  light-chopper. One pu l se  represented t h e  reference s i g n a l  coming 

d i r e c t l y  from t h e  l i g h t  source and t h e  o the r  w a s  t he  l i g h t  i n t e n s i t y  transmitted 

through the  polydispersion. A continuous d i sp lay  of t hese  r e p e t i t i v e  pu l ses  w a s  

produced by using the  output from t h e  ope ra t iona l  ampl i f i e r s  t o  d r i v e  a galva- 

nometer i n  a standard osci l lograph recorder. 

photo tube. 

One galvanometer was used f o r  each 

Because of t he  required durat ion of an experiment (two t o  four hours) and 

l imited l eng th  of an  osci l lograph record (two hundred f e e t  of paper),  t h e  osc i l -  

lograph had t o  be operated in t e rmi t t en t ly .  

cam-timer unit*, which actuated t h e  osci l lograph f o r  2.5 seconds every t h i r t y  

seconds. A t  t h e  s ta r t  of a n  experiment, immediately a f t e r  the  s t i r r i n g  a c t i o n  was 

stopped, r e so lu t ion  of the  heavier p a r t i c l e s  (see equation 5) w a s  obtained by 

operat ing t h e  osci l lograph continuously f o r  t h e  f i r s t  t h i r t y  o r  s i x t y  seconds. 

Automatic operat ion then continued t o  record t h e  data.  A t y p i c a l  d a t a  record is 

shown i n  Figure 9. 

This was accomplished with a commercial 

Cal ibrat ion 

To ob ta in  t h e  b e s t  poss ib l e  p rec i s ion  i n  t h e  measurements i t  w a s  necessary 

t o  a d j u s t  t he  i n t e n s i t y  of t h e  reference s i g n a l  t o  c lose ly  equal t h e  i n t e n s i t y  from 

the sensing probes. 

screen** i n  f r o n t  of t he  two reference l i g h t  guides. This screen w a s  mounted on 

an aluminum backing p l a t e  which was fastened i n  p o s i t i o n  i n  t h e  l i g h t  source 

housing (see Figure 4 ) .  

t o  t h e  sensing probes, were unblocked by t h e  screen. A screen of d e n s i t y  - 2.0 was 

s u f f i c i e n t  t o  ob ta in  a r a t h e r  good match of l i g h t  i n t e n s i t i e s  between the  reference 

and probe s igna l s .  Some add i t iona l  f i n e  adjustment w a s  poss ib l e  by movement of t h e  

l i g h t  guide ends i n  t h e i r  support. 

This w a s  accomplished by placing a g l a s s  n e u t r a l  d e n s i t y  

The remaining two l i g h t  guides,  which transmitted l i g h t  

* I n d u s t r i a l  T i m e r  Corp., No, CM-2 with 30 second cain foundation u n i t  No. A-12. 
** Optics Technology Se t  SA. 
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Prior to a run, non-linearities in the response of the phototubes, 
amplifiers and galvanometers were determined by interposing a calibrated, 
neutral-density stepping screen in the optical path of each of the sensing 
probes. 
the oscillograph, a graduated calibration through twenty-two changes in light 
intensity was obtained. 

By drawing the stepping screen through the optical path while operating 

RESULTS 

With the sensing probes submerged in a polydispersion of C1F particles 
suspended in liquid nitrogen, measurements of relative light intensity at each of 

the two stations were obtained over periods up to 7500 seconds. 
corresponding (equation 5 )  to a particle diameter of about 0.5 micron passing by 
the upper station, appeared to be the limit of resolution of the instrument. 
That is, for times greater than 7500 seconds, noise and fluctuations in the 
signal were of the same magnitude as the time rate of change of light intensity, 
dI/d8 (v. - equation 8). A typical size distribution measured with this device is 
shown in Figure 10. 

This period, 

Results obtained with the apparatus are presented in Appendix I in the 
form of tables. Table I presents the number density, specific volume and surface 
of the polydispersion over increments of 1 micron. 
upper station (denoted by the letter U in the experiment number) begin at one 
micron, the nominal lower limit of resolution. Measurements taken with the lower 
sta;ion (L in the experiment number) begin at two microns for the same reason. 
The upper limit on particle size was chosen according to the magnitude of the 
contribution from that,increment, but in no case was less than twenty microns. 

Measurements taken with the 

The contribution to the size distribution between D=o and the lower limit 
of particle diameter given in Table I was obtained from the spectral transmittance 
of the dispersion at the termination of the run. That is, from equation 1 
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TABLE I 

PARTICLE SIZE DISTRIBUTIONS 
DIAMETER > 1 MICRON 
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'*"I CQQN.5 
I -  2 
3 -  3 
3 -  4 
4 -  5 
5 -  6 
6 -  7 
7 -  8 
P -  9 
9 - 1c 

1 0  " 11 
I1 - 17 
I7 - 1 3  
1 7  - 14 
1 4  - 1 5  
1 5  - 16 
I 6  - 27 
1 7  - 15 
1r - 19 
1 9  - 20 
70 .- 7 1  
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I - I W T  FXTJNCTION MFASUREMENTS OF S E T T L ~ N G  I N  PARTICULATE GELS 

nIA'W7'ER 
I MC: R F MEN T 
MICRONS 

? -  3 
3 -  4 
4 -  5 
5 -  6 
6 -  7 
7 -  8 
R -  9 
Q - 10 
10 1 1  
11 a 12 
17 - 17 
13 - 14 
1 1  - 1 5  
1 5  - Zh 
16 - 1 7  
17 - 18 
1 R  - 19 
I9 - 3 0  
2 0  31 
3 1  - 3 3  

NUMBFR 
DFNSI T Y  
PER CM 

0e7372F 0 8  
Oeh733E 08 
007098E 08 
QeZF311E 08 
0.1960E 0 8  
Oe1104E 08 
001053F 08 
0e1430E 08 
0e2187F O B  
0 0 2 4 2 O E  0 8  

00218BF 08 
011711F 08 
0.1318F O H  
Oe1249F 3 8  
0.1258E O R  
0e1392E 09 
0 e 1 5 1 2 F  08 
0e1083F 08 
003660F 07 

0 b ? 4 4 8 f ?  08 

P A R T  K L E  
VOLUME 

CU CY/GM 
006542E-03  
001593E-02 
0 e 3 32 4E-02 
00238QE-02 
0.2647E-02 
0 a 2 434E-02 
0.3409F-02 

001344E-01 
0e3925E-01 
002509E-01 
01281OF-01 
002720E-01 
0.2 373E-01 
0.2944E-91 
Qe3534E-01 
Oe4636E-01 
015868F-01 
0 48 5 2E-0 1 
0e1869E-01 

0.6486~02 

+ 0.000000 1 

SlJRFACE 
AREA 

SQ CM/CP 
001515E 02 
0 e 2 6 6 5 E  02 
004442E 02 
0.26136 02 
002448E 02 
001946E 02 
0 e 2 3 Y 8 F  02 
004079E 02 
0176406 02 
011004E 03 
0 e 1 2 0 3 E  03 
Oe1249F 09 
0 0 1 1 2 6 E  03 
Oc918BE 03 
0a1069E 03 
Q.1211E 03 
001501E 03 
0elR05E 03 
0 0 1 4 Z 3 E  03 
0e5248E 02 
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L I C H T  F X T I Y C T I O N  MEASUREMENTS O F  S F T T L I N C  In! P A R T I C U L A T E  GELS 

F X P F R I 4 4 F q f  671205-311 (17, RUN NO0 2 )  

v t m  ~ F M I T Y  = 2 0 5 2 o 0  GMSICU C Y  

LIOUIT,  O F h l S I T Y  = 008080 GMS/C\J CM 

VISCOSITY = n e o o i 4 c o  GYSICM SEC 

L?QUIn  1-FVFL ASOVE S T A T I O Y  = 2.510 C w  

~ U I V ~ T I O b !  P A T H  L E N G T H  = 3 . 2 4 0  CM 

R F F R A C T I V C  I ~ J O F X I  S O L I D / L I Q U I @  = 1.2120 + 00O0OOOO I 

SURFACE 
A R E A  

SQ C Y / G P  
004501E 02 
0.9470E C 2  
014469E 03 
001024E 03 
002032E 03 
0.34636 03 
002970E 03  
0.3057E 03 
0e3073E ('3 
0 0 2 9 4 0 E  03 
0 . 2 0 2 3 E  03 
00136YE Q3 
0*1194F.-03 
0e9714E 02 
005985E'  07 
0.1403E 02  
Oe7053F 01 
Q 1 3 1 5 9 E  01 
0.4106F 01 
0 0 3 3 5 5 E  01 
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t . . ICHT F X l I W T I O N  MEASUREMENTS OF SETTLING IN PARTICULATE GELS 

r X P F ' R  TWFNT h71107L (18) 

wt-m ' ~ F N S I T Y  = 2.5200 GYWCU CY 

L I Q U I D  D F k ! S I T Y  s O b 8 O 8 O  C M S I C U  CM 

VISCOSITY * 0.001400 G M S I C M  SEC 

t . I C \ J I n  LFVFL ArJ@VE S T A T I O N  = 9.500 CY 

c Y T 1 N C T I C I N  PATH 4ENGTH P 2 . 9 6 5  CM 

n f  AMFTER 
1 r ! t P F Y h ! T  
V I  CROrJS 

2 -  3 
' 3 -  4 
4 -  5 
5 -  6 
6 -  7 
7 -  8 
8 -  9 
9 " 10 

1 0  - 1 1  
11 - 12 
1 2  - 13 
1 3  - 14 
14 - 15 
1 5  - 16 
1 6  - 17 
17 - 19 
1 8  - 19 
19 - 20  
70 - 7 1  

MUMRER 
DFNS I TY 
PER GM 

0 0 3 2 7 4 E  09 
00lh34F 09 
0 0 1 3 6 0 E  09 
007830E 08 
007081E 08 
0e5421E 08 
0 0 6 4 6 6 F  0 8  
006846F 00  
Oe8737E 08 
007371E 08 
Oe4147F O H  
0 e 2 4 4 5 E  Of3 
0021326  0 8  
001475F 0 8  
0e1037F 0 8  
0 ~ 6 3 6 9 E  07 
003021F  07 
011023E 07 
0e1322E 06 

SURFACE 
AREA 

SQ € V / G P  
0 .4835E 02 
0.6175E 02 
0.85946' 02 
007381E 02 
0.9411E 02 
0.9559E 02 
001478E 0 3  
001942E 03 
003037E 03 
013044E 03 
002019E 03 
001395E 03 
Q e 1 4 0 5 E  03 
0.1109E 03 
0e0843E 02 
0 0 6 0 9 2 E  02 
0e3223E 02 
00120QE 02 
0.1697E 01 

. I )  

P A R T I C L E  P!UMRER D E N S I T Y  = .  001608E 07 PER CU CM 

SC?f. 13s C O N C E N T S P T I D P !  = 0e1402E-02 GYS SOCID/CU CP LIQUID 

l r ! T A L  SURFACE A R E A  0021981E 04 SO CY/GM 
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IIGHT E X T T N C T I O N  MEASURFMENTS O F  S E T T L I N G  I N  P A R T I C U L A T E  GELS 

0 I h%$cTFP 
I ?;CQFMFNT 

kt I C'nQNS 
1 -  3 
7 -  3 
3 -  l& 

4 -  5 
5 -  6 
6 -  7 
7 -  e 
8 -  c)  

9 - 10 
10 - 11 
1 1  - 1 3  
17 - 13 
13 - 14 
I 4  - 1 5  
1 5  - 16 
16 - 17  
1 7  - 1 8  
? ?  - 19 
29 - 73 
'0 - 31 

+ 0;000000 I 

SURFACE 
A R E A  

S(3 CM/Gb' 
0 0 3 6 7 9 E  07 
0e1056F 03 
Oa1106E O? 
0 0 2 8 1 4 E  0 3  
(3.4296E 03 
O e h 5 2 0 E  Li3 
U 0 4 0 3 7 E  03 
0.3510E 03 
O o 1 9 0 7 E  03 
0 0 9 2 5 9 E  07 
0.6222E 02 
Om66236 0% 
0.6277S 02 
Oe5295F: 0% 
0e4476F I;% 
003804E 02 
0.3245E 02 
0.2789E 02 
012409E 0 2  
0a2081E C2 

PAHTICLF NUMPFR D E N S I T Y  = Oe2337E: 0 7  PER CU CM 
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n1 Q U C T F Q  
1 t!C RFYFWT 

%' x CRObiS  
7 -  ? 
3 -  4 
4 -  5 
5 -  6 
6 -  7 
7 -  8 
R -  0 

Q - 10 
10 - 1 1  
1 1  - 1 2  
17 - 1'3 
12  - 14 
1 4  - 15  
1 5  - l h  
1 6  - 17 
1 7  - 1 H  
1 8  - 19 
19  - 2 0  
3 0  - 2 1  

SURFACE 
A R F A  

so CM/GFr 
00441hE 03 
0.2880S 02 
O e 3 4 8 5 F  03 
002580E 0% 
0 0 2 6 R O E  Oil 
002767E 02 
Oe3647E 07 
0042?3F 0 9  
d e 4 5 1 9 F  01 
0.6759E 02 
0.23636 03 
0019H7E 03 
G o Z 3 H O F  03 
002391E 03 
OolH31F 03 
001348E 03 
0.R911E 02 
0.6301E 0% 
0.5593E 0% 
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I J G U T  cXTIhSCT1T)N VFASUREMENTS OF SETTLtNG I N  PARTICULATE GELS 
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t.TGHT FXTINCTIOY MEASUREMENTS OF SETTLING I N  PARTICULATE GELS 

F Y ~ F R ~ I V I E N T  671226-1U (21) 

n 1 A M  F T E9 
1 RC9CFi.EFJT 

~ f 1 C Q 9 N S  
I -  2 
7 -  3 
3 -  4 
4 -  5 
5 -  6 
6 -  7 
7 -  8 
8 -  9 
c) - 10 
10 - 1 1  
11 - 12 
12 - 13 
l ?  - 14 
14 - 15 
15 - 16 
16 - 17 
17 - 1 9  
18 - 19 
l ?  - 20 
3 0  - 7 1  
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I . I G H T  EXTINCTION MFASUREMENTS OF SETTLING IN PARTICULATE GELS 

f x P F l ? I F f f l T  671726-lL (21) 

'7 I AVFTFP 
f NCPFP!FkT 

<PONS 
7 -  3 
3 -  4 
4 -  5 
5 -  6 
h -  7 
7 -  0 
I ! -  9 
9 - LO 

13 - I 1  
1 1  - 17 
1 3  - 1'3 
1 3  - 1 4  
1 4  - 1 5  
1 5  - 1 6 .  
I S  - 17 
77 - I 8  
1 9  - 19 
1 9  - 7 0  
2 0  - 2 1  

+ 0.000008 I 

SURFACE 
AREA 

SQ C."II/GFr 
U 0 7 4 % 8 E  02 
0 0 5 9 6 6 6  0% 
0.7797E 07 
013939E 02 
0 1 4 4 2 4 E  02 
0.6405E 02 
c). I057E 03 
001741F 03 
0 0 l 5 5 R F  03 
001 '362E 03 
01139hE 03 
0.1393E 03 
0.1329E 03 
00124C)F 03 
0 0 1 1 4 5 E  03 
001043E 03 
0 0 9 5 2 5 E  02 
00R767E U2 
O a P O R 4 E  02 
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I . . IGWT FXTIYCTION MEASUREMEYTS OF SETTLING IN PAHTICUCATE GELS 

i? 1 P ' r c T F l i  
I P!CRcMFF!T 

>!I CQOWS 
1 -  2 
2 -  3 
7 -  4 
4 -  5 
5 -  6 
t i -  7 
7 -  F! 
R -  9 

10 - 11 
1 1  - 12 
12 - 1 3  
1 3  .. 14 
74 - 1 5  
1 5  - 16 
16 - 1 7  
17 - 1 P  
It? - 19 
1 Q  - 3c; 
?!: - 21 

9 - 1 0 1 ,  

+ 0.000000 I 

SURF ACE 
A R E A  

SQ C U / C V  
013624E 03 
0 e 3 9 1 2 E  03 
002344E 03 
008224E 03 
005379E 03 
006459E 03 
0e3799E 03 
U e 2 6 3 2 F  03 
0.1894F 03 
001462E 03 
008548F 02 
0 e 4 6 5 7 E  02 
0 0 2 8 3 3 E  U.? 
O e l h l 3 E  02 
0 0 8 2 3 7 F  01 
0 0 3 1 5 6 E  01 
0 0 2 8 6 0 F  00 
0.000i)E 00 
(3.00t)OF o(i 
0.0000E 00 

OART1CL.F h!I.!'J9ER D E N S I T Y  006414E 07 PER CU CM 

5 P l - J D C  CCWCEhTRATIOlY = 005922E-03 GMS S O L i D / C U  CES LIQUID 

T 0 T 4 t  SURFACE AREA 0041614E 04 SQ CM/CM 
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t . t G H t  FXtINCflQN YEASUREVENTS OF SETTLING IN PARTICULATE GELS 

FYPFRTMFNT 671226-2L422) 

S O L I n  DENSITY = 2.5200 GMSICU CY 

l . . I O U I f 3  r)Fh!StTY. = 0.8080 G M S I C U  CM 

\ / !St 'OSITY = Oe001400 C M S / C I  SEC 

t . I r ? \ l In  LFVFL AROVE S T A T I O N  9 . 2 8 7  C'4 

FXfTNrTION PATH LENGTH * 3 0 2 4 5  Cy 

oFFRAkf1VF INDFXv SOLID/lIQUID le2120 

Q I A H F T E R  
I NCRFMENT 

MICQ,ONS 
2 "  3 
3 -  4 
4 -  5 
5 -  6 
6 -  7 
7 -  8 
R -  9 
9 - t o  

IO - 11 
1 1  - 12 
I ?  - 13 
17 - 14 
14 - 1 5  
15 - 1 6 .  
16 - 17 
1 7  .,. 18 
1 9  - 19 
t 9  - 78 
? Q  - 7 1  

NUMRER 
OFNS I T Y  
PER 6'4 

00254EE 09 
009141F 0 8  
Oak246F 08 
0 0 1 4 8 9 E  OR 
002060E 08 
0.1R09E 08 
002726E 08 
004776E 08 
005700E 08 
Oo5617E 08 
005942E 08 
0 a 2 3 7 O E  08 
b 7 0 6 4 E  08 
00,?,673F O R  
0017hlE: 08 
009966F 07 
0 o h 9 1 2 E  07 
0047h2F 07  
0n3295F  07 

P A R T I C L E  
VOLUME 

CU CM/CM 
002075E-02 
0.1923E-02 
0019.5bE-02 
091306E*Q2 
0.29928-02 
0.3982E-02 
0a9012E-02 
002156E-Cll 
003475E:-01 
004474E-01 
006082E-01 
043039E-01 
0 0 3 2 8 9 E - 0 1  
0 0 3 2 5 5 E - 0 1  
003195E-r)l 
002784E-01  
Oe2281E-01 
001841E-01 
0*1480E-01 

, 

S U R F A C E  
A R E A  

SQ CMIGW 
0.4932E 02 
003344E 02 
00262YF: 02 
001417E 02 
002747E 02 
0031A4E 02 
0a623hE 02 
0,13586 03 
001980E 03 
002333E 03 
O a 2 9 1 7 E  03 
0 0 1 3 5 2 E  03 
0.1361E 03 
0.126OE 03 
001162E 03 
0 0 9 5 5 9 E  02 
0e740RE 02 
0.5672E 02 
00433YF 02 

+ 0.000000 I 
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I-. I W T  ~ X T l N C T f o V  MEASUREMENTS O F  SETTLING IN PARTICULATE GELS 

TYPFR’V?FNT h71227L (73) 

n 1 A V F T F R  
1 ?JCRFVEI\IT 
WICDONS 

3 -  3 
3 -  4 
4 -  5 
5 -  6 
6 -  7 

R -  9 
9 - 10 

1 0  - 11 
11 - 12 
1 7  - 13 
l ?  - 1 4  
1k - 7 5  
15 - I6 . 
1 6  - 17 
17 - 18 
I F  - 19 
19 .. 70 
?n - 7 1  

7 -  a 
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L I G H T  EXTINCTION MEASUREVENTS OF SETTLING I N  PARTICULATE GELS 
FXPtRIuENT h71229U (24) RERUN-1 

S!')LIC nFNSITY = 2.5ZQO GMS/CU CM 

L I % J I O  DEYSITY 008QBO G M S I C U  C Y  

VISCOSITY e 0.001400 GMS/CM SEC 

C ? I A k J r T E P  
I YCPf=Iv'Eh!T 
VICQONS 
1 -  7 
2 -  3 
3 -  4 
4 -  5 
5 -  6 
6 -  7 
7 -  R 
e -  9 
9 " 10 

10 " 11 
1 1  - 12 
l ?  - 13  
1 3  - 14 
1 4  - 15 
1 5  - 16 
1 6  - 17 
17 - 18 
1 8  - 19 
19 - 30 
?O - 2 1  

SURFACE 
A R E A  

SQ CM/GW 
008864E 01 
001178E 02 
001042E (12 
Or2085E 02 
0 .39916  02 
0a2040F: 03 
9.2547E 03 
0a1347E 03 
0035 '31E 02 
001026E 03 
Oe3003E 03 
003953E 03 
003881E 02 
001603E 03 
002887E 0'3 
001635E 03 
0020736 02 
000000E 00 
00000UE 00 
O o 0 O O C ) E  00 

T O T A L  SURFACE A R E A  007CI913E 04 SO C M I G M  
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LIGHT EXTINCTION MEASUREMENTS OF SETTLING IN PARTICULATE GELS 

FXPERIW!Nf 6712291, (24) RERUN-1 

SOLID r)ENSITY = 0.8080 GMS/CU CM 

L I Q U I D  DFNSITY 2.5200 GMSICU CM 

VISCOSITY = 0e00L400 GMSICM SEC 

LIQUID L E V E L  AROVE STATION 3 9 . 0 2 3  CM 

E X f I ' r i C f I O N  P A T H  LENGTH 3.245 CM 

R E F R A C T I V E  INDEX* SOLID/LIQUID 102120 4 00000000 I 

WAVELENGTH 004360 MICRONS 

D I A M E T E R  
XNCRFMENT 
+?I CRONS 

2 -  3 
3 -  4 
4 -  5 
5 -  6 
6 -  7 
7 -  8 
0 -  9 
9 - 10 
10 - 11 
11 - 12 
12 - 13 
13 - 14 
14 - 15 
15 - 16 
16 - 17 
17 .. 18 
18 - 19 
19 - 20 
20 " 21 
21 - 22 

NUMBER 
DENSITY 
PER GM 
005177E 10 
003809E 09 
0.1330E 09 
001496E 08 
001801E 06 
002815E 08 
0e5307E 08 
0 0 4 8 5 2 E  08 
006149E 08 
008141E 08 
OelO5OE 0 9  
009078E 08 
007791E 08 
0e6136E 08 
004410E 08 
002907E 08 
062351E 08 
0.22186 08 
002209E 08 
002327E 08 

PARTICLE 
VOLUME 

CU CM/GM 
0 o 3 668E-0 1 
0e7860E-02 
0061266-02 
0.1043E-02 
013235E-04 
006513E-02 
001724E-01 
Or2170E-01 
0.37786-01 
0 0 6 52 BE-0 1 
011077E 00 
001166E 00 
0.1241E 00 
0.1192E 00 
0.1031E 00 
0 o 8 12 8E-0 1 
0 o 7 78 8 E-0 1 
Oo8615f~Ol 
Oe9972E-Ol 
001213E 00 

SURFACE 
A R E A  

SQ C M I G P  
009175E 03 
001376E 03 
O e 8 2 3 3 E  02 
001225E 02 
0m2772E 00 
005125E 02 
OolZllE 03 
001371E 03 
002147E 03 
003396E 03 
0651636 03 
005185E 03 
Oe5139E 03 
0.4618E 03 
003756E 03 
0027896 03 
002326E 03 
0 0 2 6 4 9 E  03 
002917E 03 
Oe3384E 03 

CHECK =: OelOOOOE 01 

PARTICLE NUMBER DENSITY = Oe1015E 07 PER CU CM 

SOLIDS CONCENTRATION = 0*3568&-03 CMS SOLID/CU CP LIQUID 

T O T A L  SURFACE AREA 0058272E 04 SQ CMIGM 
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LIGHT F X T I f v C T I O N  F?FASUREMENTS (IF SETTLING IN PARTICULATE GELS 
cXPcR 1 UFNT 15R01(37U (25) QERUN-1 
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!-I?L.rT F X T I t C T I O h l  \#FASURFMENfS O F  S F T T L I N C  I N .  P A R T I C U L A T E  GELS 
FYPFI? I"rFh!T 6 P D 1 0 2 L  (75) 

P, I AL'FTFQ 
1 NCRFfdCNT 

'"1 CoCNS 
3 -  3 
7 -  4 
L -  5 
5 -  6 
6 " 7 .  
7 -  8 
8 -  9 
9 - 10 

19 - 11  
11 - 1 2  
l ?  - 13 
1 7  - 14 
14 - 15 
15 - 16 
I6 - 17 
I7 - lfl 
l e  .. 19 
19 = 70 
? Q  - 3 1  
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I ICHT c v T r N C T I O N  YFASURFMFNTS OF SFTTLING I N  PAHTICULATF GELS 

" I  4 V r T F R  
? P:CQCNFkT 

1 C30" !2  
1 -  2 
2 -  3 
3 -  4 
4 -  5 
5 -  6 
6 -  7 
7 -  8 
e -  9 
9 - 10 

10 - 1 1  
1 1  - 12 
1 7  - 13 
13 - itr 
1 4  - 1 5  
15 - 16 
1 6  - 17 
1 7  - 18  
1? - 19  
1 9  - 2 0  
7 0  - ?1 

+ Q.000000 I 

SURFACE 
A R E A  

SQ CM/GP 
U01796E 04 
0.1U53E 04 
0 0 3 6 4 3 f  OS 
0 0 4 3 0 9 €  03 
003147l? 03 
0.2861E 03 
i).?347E 03 
002096E 93 
0.1409E 03 
0.1011E 03 
005667E 02 
0.353%€ 02 
0 0 3 2 9 1 F  6 3  
0 0 3 5 4 9 E  0 3  
0 . 3 m a ~  02 
0 0 4 3 0 9 E  02 
004158E 02 
0e3691E 02 
903138E 02 
002562E 02 
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w1'2, from equation 5 ,  where D = C8 1 1 

- 
With a properly chosen average cross sec t ion ,  yt w e  have 

D, 

where 3 is t h e  number dens i ty  of p a r t i c l e s  (mm3) i n  t h e  s i ze  range between 0 and D1. 

These r e s u l t s  are presented i n  Table 11, 

CONCLUSIONS 

The r e s u l t s  i n d i c a t e  t h a t  t he  apparent s i z e  d i s t r i b u t i o n  w a s  more s t rongly  

dependent on p a r t i c u l a t e  concentrat ion i n  t h e  l i q u i d  than on t h e  c h a r a c t e r l s t i c s  

of p a r t i c l e  formation, a t  least i n  t h e  range of va r i ab le s  s tudied.  

appears t h a t  agglomeration of t he  p a r t i c l e s  w a s  occurring r ap id ly  i n  t h e  vessel 

and t h a t  these  agglomerates, r a t h e r  than ind iv idua l  p a r t i c l e s ,  were being observed. 

The tendency f o r  t h i s  agglomeration t o  occur w a s  d r a s t i c a l l y  reduced under condi- 

t i o n s  of low concentrat ion,  where s i g n i f i c a n t  f r a c t i o n s  of submicron p a r t i c l e s  

w e r e  observed (Y. Experiment No. 671219-2U (20)). This phenomenon of agglomeration 

was a l s o  apparent from the  lower s t a t i o n  measurements which i n  aU cases indica ted  

a Larger mean p a r t i c l e  diameter than d id  r e s u l t s  from the  upper s t a t i o n  readings. 

Thus, i t  

From t h e  sequen t i a l  measurements on the same dispers ion  which were i n t e r -  

rupted by s t i r r i n g  (Experlment Nos. 671205-1, and -21, i t  w a s  concluded t h a t  t h e  

measurements were reproducible t o  wi th in  the  l i m i t s  of e r r o r ,  and that no disso lu-  

t i o n  of t h e  discontinuous phase was apparent. 

2 A m a x i m u m  s p e c i f i c  sur face  area of about 5.0 m /gm was recorded for 

t h e  lowest mass c o n c e n t r a t i w  s tudied.  

Page 147 



Report 1038-028, Appendix I 

TABLE I1 

POLYDISPERSION PROPERTIES 
DIAMETER < 1 MICRON 
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LIGHT EXTINCTION MEASUREMENTS OF SfffLINC IN PARffCULATE GELS 

SOLID DENSITY 2 0 5 2 0 0  CMS/CU CM 

LIQUID D F N S I T Y  = 0.8080 CMSICU CM 

VISCOSITY = 00001400 GMS/CM SEC 

REFRACTIVE INOEXI SOLID/LIQUID f 102120  + OoOOOOOO f 

WAVELENGTH = 0.4360 MICRONS 

EXPERIMENT 
NUMRER 

671205-1U (17) 
671205-2U (17) 
671207U (18) 
671219-1U (19) 
671219-2U (20) 
671226-1U (21) 
671226-2l~ (22) 
673227U (23)  
671229U (241 
68030211 125) 
680105W ( 2 6 )  

PROPERTIES 
SOL IDS 

CONCENTRAT ION 
GM/CU CM 
0e9770E-03 
0.7522E-03 
0e5358E-03 
007230E-03 
006235E-04 
007100E-03 
0.59226-03 
0.4184E-03 
006236E-03 
0il132E-02 
0 0 8 1 L 7E-04 

I N  0 ,. 1 MICRON REGION 
NUMRER SURFACE 
DENS I T Y  AREA 
PER CM S Q  CMIGM 

0e3348E 13 Ool468E 04 
0e6613E 13 002900f 04 
002107E 14 00924SE 04 
001121E 14 0.4917E 04 
004035E 14 Ool769E 05 
003997E 12 0037536 03 
0a2726E 13 001195E 04 
001069E 14 0e4490E 04 
001568E 1 1  006880E 01 
OollblE 14 O o S 0 9 3 E  04 
001036E 15 O*4546& 0 5  
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MEASUREMENT OF THE PARTICLE SIZE OF 
FULLY-FLUORINATED OXIDIZERS BY A 

MODIFIED  BET(^) PROCEDURE 

I. INTRODUCTION 

A study t o  determine t h e  f e a s i b i l i t y  of using a modified BET procedure 

f o r  measuring the  sur face  area of p a r t i c l e s  of f rozen interhalogens with 

subsequent ca lcu la t ion  of t h e i r  p a r t i c l e  s i z e  has been completed. It i s  

concluded the  procedure i s  no t  appl icable .  

11. TECHNIC& DISCUSSION 

A, BET THEORY 

It has been suggested t h a t  t he  adsorpt ion isotherm exhib i ted  by 

various gases at temperatures not  f a r  removed from t h e i r  condensation poin t  

occurs because van de r  Waal forces  are predominant under these  condi t ions.  

Also, the same phenomenon permits multimolecular adsorpt ion l aye r s  t o  b e  

formed at  successively h igher  adsorbate pressures .  Consequently, i f  t h e  

quant i ty  of gas adsorbed is measured at  several pressures  and t h e  r e s u l t s  

p lo t t ed  and extrapolated t o  zero pressure ,  it is poss ib l e  t o  estimate the  

quant i ty  of gas required t o  form a monomolecular l a y e r  on the  par t ic le .  

t h i s  information i t  is then poss ib le  t o  ca l cu la t e  t h e  su r face  area of a u n i t  

m a s s  of p a r t i c l e s .  

With 

B. BET PROCEDURE 

The powder is placed i n  a sample container  and then evacuated, i f  

poss ib l e  at  e leva ted  temperatures, t o  d r ive  off t h e  adsorbed gases. Then 

the sample is cooled t o  the  NBP of t h e  gas which is t o  be adsorbed and the  

quant i ty  of gas adsorbed at one o r  more p a r t i a l  pressures  is measured. I n  

(1) S .  Brunnauer, P. H. Exmnet, E. Teller 
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11, B,  B e t  Procedure (cont.) 

p r a c t i c e  two b a s i c  types of measuring techniques are used. 

technique involves measurement of t h e  pressure  at  var ious volumes of a f ixed  

quant i ty  of gas i n  an apparatus containing the  sample of p a r t i c u l a t e  matter. 

Based on the deviat ion of d a t a  obtained from i d e a l  gas behavior, t h e  quant i ty  

of gas adsorbed a t  zero pressure  can be calculated.  

measures changes i n  the  concentration of a mixture of gases,  usual ly  helium 

and n i t rogen ,  as one of t h e  gases is being adsorbed o r  desorbed by t h e  

p a r t i c l e s .  

gaseous mixture is ca lcu la ted  from measured changes i n  t h e  thermal conduct ivi ty ,  

and based on these  da t a  t h e  amount of adsorbed gas can be  calculated.  In  

order t o  obta in  maximum s e n s i t i v i t y ,  t he  volume of t he  p a r t i c l e s  c lose ly  

approach the volume of the sample holder .  

The first 

The second procedure 

The concentrat ion of t he  adsorbed o r  desorbed por t ion  of t h e  

C. APPLICATION OF THE BET PROCEDuRe TO THE MEASUREMENT OF FINE 
PARTICLES OF FROZEN INTERHALOGENS 

During the i n i t i a l  phase of t h i s  s tudy,  f i n e  p a r t i c l e s  of f rozen 

interhalogens w i l l  be  prepared by the rapid condensation and f reez ing  of 

gaseous interhalogens i n  l i q u i d  ni t rogen.  Liquid n i t rogen  has been se l ec t ed  

as a simulant f o r  l i q u i d  OF2 i n  order  t o  reduce t h e  hazards and t o x i c i t y  

problems associated with OF2. 

- 

A test vessel of approximately 3 - l i t e r s  volume has  been s e l e c t e d  

so  t h a t  1-liter samples of ge l l ed  material can be prepared. 

was se l ec t ed  i n  order  t o  have s u f f i c i e n t  quan t i t i e s  t o  make measurements of 

the  engineering proper t ies  of t h e  ge l .  

This quant i ty  

Because of the  r e a c t i v i t y  of the  interhalogens and t h e i r  low 
melting po in t s ,  extensive manipulation of t h e  p a r t i c l e s  o r  l a rge  temperature 

changes wi th in  the  sys  t e m  present  formidable experimental d i f f i c u l t i e s .  
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11, C,  Application of the  BET Procedure t o  t h e  Measurement of Fine P a r t i c l e s  
of Frozen Interhalogens (cont.) 

Consequently f o r  any p a r t i c l e  s i z e  measuring procedure t o  be p r a c t i c a l ,  i t  must 

be poss ib le  t o  conduct the  measurement i n  t h e  test vessel at  t h e  NBP of 

l i q u i d  N2. 

1. BET Measurement of Desorbed N2 

Af te r  the  p a r t i c l e s  are formed i n  t h e  l i q u i d  N2,  i t  would 

be theo re t i ca l ly  poss ib le  t o  pump off  all of t h e  l i q u i d  N2 p resent  except 

the monomolecular l a y e r  of N2  on the  p a r t i c l e .  

Theory. j 

warmed u n t i l  t he  p a r t i c l e s  melted and the  r e s idua l  quant i ty  of N2 remaining 

measured. While t h i s  is a s i n g l e  po in t  measurement, r a t h e r  than the  usual 

(See t h e  s e c t i o n  on BET 

Af te r  the  f r e e  l i q u i d  N2 w a s  removed, the  sample could then be  

3 measurements, the su r face  area and relative p a r t i c l e  s i z e  could be ca lcu la ted  

and a f a i r l y  r e l i a b l e  value obtained. Consequently the f e a s i b i l i t y  of t h i s  

approach has been inves t iga ted .  

The following system proper t ies  w e r e  e i t h e r  assumed o r  

ca lcu la ted  from the assumptions. 

TABLE I 

1. P a r t i c l e  S ize  10 mlcrons 
2. Particle Shape spheres 
3. Quantity of P a r t i c l e s  80.8 g 
4. Density of P a r t i c u l a t e  2.5 g/cc 

5. Number of  P a r t i c l e s  Present  6.2 x 10 
6.  Surface Area of P a r t i c l e s  1.9 m2 
7. 

9 Material 

Quantity of N2 Adsorbed a t  
100 mm Hg pressure,  T 
77.4"K(2) 0.45 cc N2 STP 

(2) Note: The quant i ty  of N2 adsorbed a t  100 mm Hg pressure at 77.4OK by 
1.9 m2 of p a r t i c l e s  w a s  ca lcu la ted  from Table 3-1 presented i n  Ins t ruc t ions  - 
The Perkin-Elmer S h e l l  Model 212D Sorptometer, March 1966, prepared by 
the  Perkin-Elmer Corp., Norwalk, Conn. 
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T I ,  C, Application of t h e  BET Procedure t o  t h e  Measurement of Fine P a r t i c l e s  
of Frozen Interhalogens (cont,)  

I t e m  7 i n  Table I shows t h a t  t h e  quant i ty  of N2 t o  b e  

measured would be approximately 0.45 cc N2 a t  STP. I f  t h i s  volume of N2 is 

expanded t o  the %liters volume of t he  test vessel, i t  would e x e r t  a pressure  

of approximately 100 microns of Hg. It is expected that t h e  vapor pressure  

of the melted interhalogen and the  add i t iona l  pressure generated by traces of 

SiF4 formed by the reac t ion  between t h e  g l a s s  test vessel and the interhalogens 

and o the r  noncondensible impur i t ies  would r e s u l t  i n  a t o t a l  system pressure  

s u b s t a n t i a l l y  h igher  than the  pressure  of N2 caused by t h e  desorpt ion of t h e  

N2 from the  p a r t i c l e s .  Consequently a d i r e c t  p ressure  measurement would no t  

measure the  quant i ty  of N2 present .  A d i r e c t  measurement of t h e  quant i ty  of 

N p resent  by mass spectrographic  o r  o the r  means w a s  considered. 

f o r  t h i s  t o  be p r a c t i c a l  the  entire system would have t o  be  completely f r e e  

of leaks. 

reactive na ture  of the  reagents i t  is doubtful  i f  t h e  equipment can be  so  

leak  f r e e  t h a t  an acceptable l eak  rate can be  obtained. 

However 2 

Because of the  complexity of t h e  experimental system and the 

Because of t he  above described d i f f i c u l t i e s  i t  is  concluded 

t h a t  the measurement of the  quant i ty  of desorbed N from frozen p a r t i c l e s  of 

interhalogens can not  b e  made with s u f f i c i e n t  accuracy t o  provide use fu l  

information regarding su r face  area and/or p a r t i c l e  s i z e .  

2 

2. BET Measurement of Desorbed Gases o ther  than Nitrogen 

The f e a s i b i l i t y  of adsorbing a l a y e r  of a gas o t h e r  than N2 

It w a s  f e l t  t h a t  and measuring the quant i ty  adsorbed has been inves t iga ted .  

t h i s  approach would o f f e r  the  following advantages. A gas t h a t  is no t  a 

common contaminant could b e  used, thereby reducing t h e  requirement f o r  a l eak  

f r e e  system, The gases considered f o r  use w e r e  neon, argon, krypton and xenon. 

Neon w a s  r e j ec t ed  because its NBP is too low, i.e. system temperature is too 

f a r  above the  s a t u r a t i o n  temperature of neon. 
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11, C,  Application of the BET Procedure t o  t h e  Measurement of Fine P a r t i c l e s  
of Frozen Interhalogens (cont. ) 

The approach considered w a s  t o  pump off t he  l i q u i d  N2, add 

argon a t  a s e l e c t e d  p a r t i a l  pressure and then b r ing  up t h e  system pressure  t o  

1 atmosphere with helium. 

Table 1. 

melted. A sample of system atmosphere would be taken, analyzed f o r  argon 

content,  and the r e s u l t  of t h i s  ana lys i s  used t o  ca l cu la t e  su r face  area and 

p a r t i c l e  s i z e .  

The same conditions were used as described i n  

The system would then be allowed t o  w a r n  up u n t i l  t he  interhalogen 

It is expected that under t h e  conditions j u s t  described t h a t  

t o t a l  system pressure would be approximately 1000 mm of Hg and the  argon 

pressure would b e  0.1 mm of Hg. A concentration of .01%. "he s e n s i t i v i t y  of 

t h e  b e s t  ava i l ab le  a n a l y t i c a l  procedure i s  5 ,02%. 

information could be obtained. The same r e s u l t s  would be  obtained i f  

krypton o r  xenon were used. 

Consequently no usefu l  

111. CONGLUS ION 

For the reasons discussed i n  the  sec t ion  t i t l e d  Technical Discussion, i t  

is concluded t h a t  a modification of t h e  BET procedure is no t  s u i t a b l e  f o r  

measuring the  sur face  area of frozen interhalogen p a r t i c l e s .  
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